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FINAL  REPORT 

Title:  Photoenhanced  Attachment  for  the  Optical  Control  of 

Diffuse  Discharges 

Contract:  DAAG  29-84-K-0205 
Institution:  University  of  Oregon 
Authors:  John  T.  Moseley 

John  L.  Hardwick 

Foreword 

Although  the  formation  of  positive  ions  due  to  multiphoton 
excitation  of  low-pressure  gases  is  a  well  documented  phenomenon, 
and  in  many  instances  is  well  understood,  virtually  nothing  is 
known  about  the  formation  of  negative  ions  under  similar 
conditions.  The  reason  for  this  situation  is  not  because  of  a 
lack  of  interest  in  negative  ions;  indeed,  they  are  some  of  the 
most  intensely  studied  species  in  molecular  physics,  and  are 
responsible  for  a  variety  of  physical  and  chemical  phenomena. 
Rather,  the  failure  to  observe  negative  ions  during  multiphoton 
excitation  is  because  their  presence  under  such  conditions  seems, 
at  first  glance,  quite  implausible. 

Negative  ions  are,  in  the  gas  phase,  relatively  fragile 
species.  They  are  easily  photodetached  to  form  the  corresponding 
neutral  and  low-energy  electrons;  and,  since  ion-ion 
neutralization  reactions  are  extremely  rapid,  they  will  react 
readily  with  any  positive  ions  which  might  be  present.  Moreover, 
to  form  them  usually  requires  either  high  gas  pressures  (to 
promote  three-body  processes  necessary  for  ordinary  attachment) 
or  moderate  electron  energies  (to  provide  the  2-10  eV  necessary 

i 

i 


for  dissociative  attachment) .  Viewed  with  these  criteria  in 
mind,  the  typical  multiphoton  ionization  environment  might  seem 
to  be  quite  hostile  to  the  generation  and  survival  of  negative 
ions. 

We  have  observed  as  a  part  of  this  work  the  formation,  under 
nearly  collision-free  conditions,  of  negative  ions  from  a 
variety  of  precursors  when  irradiated  using  a  tunable  dye  laser. 
These  reactions  involve  precursors  which  were  specifically  chosen 
to  have  negligible  dissociative  attachment  cross-sections  for 
thermal  electrons  in  the  ground  electronic  state,  and  so  they 
represent  extremely  unfavorable  candidates  for  negative  ion 
production  when  compared  with  molecules  such  as  HI  or  03 ; 
nevertheless,  we  are  able  to  detect  the  formation  of  negative 
ions  with  sufficient  sensitivity  to  use  both  mass  and  wavelength 
resolution  to  study  the  processes  responsible  for  their 
formation.  We  conclude  that  the  most  important  such  process  is 
the  dissociative  attachment  of  low-energy  electrons  (typically 
less  than  2eV)  to  molecules  in  excited  electronic  states. 
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Research  Problem 


The  focus  of  this  project  has  been  to  examine  the  physical 


and  chemical  behavior  of  small  molecules  in  excited  electronic 


states  in  the  presence  of  thermal  electrons.  The  motivation  for 


this  work  was  dictated  by  the  known  properties  of  negative  ion 


formation  in  plasmas:  since  electron  capture  to  form  negative 


ions  is  responsible  for  plasma  instabilities  leading  to  reduced 


electron  mobility  in  the  plasma,  these  experiments  point  toward  a 


simple  and  easily  modeled  method  of  using  laser  excitation  of  a 


diffuse  discharge  to  control  the  bulk  conductivity  of  the  plasma, 


producing  a  simple,  reliable,  high-current  optically  controlled 


switch. 


Major  Results 


During  the  present  grant  period,  we  have  made  the  following 


accomplishments  in  pursuit  of  those  goals: 


1.  We  have  discovered  instances  of  dissociative  attachment 


of  photoelectrons  which,  because  of  the  energetics  of  the 


species  involved,  we  believe  to  be  state-specific.  This 


behavior  was  observed  in  NO,  S02,  and  several  fluorinated 


benzenes.  These  examples  are  described  in  more  detail 


below,  and  we  discuss  the  evidence  that  the  electron 


attachment  is  to  an  excited  electronic  state  of  those 


molecules. 


2.  We  have  determined  the  specific  channels  of 


photodissociation  and  photoionization  in  carbon  disulfide 


near  308  nm,  demonstrating  (a)  that  resonance  enhanced 


features  dominate  the  photoionization  spectrum  and  (b)  that 
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metastable  states  of  CS  are  formed  by  excimer  laser 
photolysis  of  the  stable  molecule  CS2.  These  metastable 
states,  while  not  themselves  appropriate  for  dissociative 
attachment  of  electrons,  serve  as  prototypes  for  metastable 
radicals  which  will  attach  electrons.  These  experiments 
thus  allow  us  detailed  insight  into  the  complex 
photophysical  and  photochemical  processes  surrounding  laser 
excitation  of  stable  small  molecules  which  we  expect  to  be 
important  in  laser  excitation  of  plasmas  in  general.  This 
work  is  described  below  and  in  the  reprints  appended  to  this 
report . 

3.  In  work  published  during  the  current  funding  period  but 
supported  under  the  previous  grant,  we  have  determined  the 
mechanism  of  photofragmentation  of  ferrocene,  establishing 
the  state  distribution  and  kinetic  energy  of  the 
fragmentation  products  when  this  important  organometallic 
compound  is  photolyzed  by  an  excimer  laser.  This  work  is 
described  in  the  reprints  appended  to  this  report. 

Experimental  details 

Briefly,  this  experiment  involves  allowing  molecules  to 
interact  with  laser  radiation  and  low  energy  electrons  in  a  low 
pressure  reaction  region  at  a  constant  electric  potential.  In 
practice,  these  electrons  have  been  produced  by  the  multiphoton 
ionization  of  part  of  the  sample.  A  sample  is  introduced  into 
the  vacuum  chamber  using  a  pulsed  valve  with  up  to  a  1  mm 
aperture  and  an  open  time  of  approximately  1  psec.  The  backing 


pressure  is  ordinarily  less  than  1  atm,  so  there  is  very  little 
cooling  of  the  sample  during  expansion;  unnecessary  cooling  of 
the  sample  would  lead  to  undesirable  clustering,  which  would 
greatly  complicate  the  interpretation  of  the  results. 

About  5  to  10  mm  downstream  from  the  nozzle,  the  sample  is 
irradiated  with  the  light  from  a  tunable  dye  laser  (Lambda  Physik 
FL  2002)  pumped  by  a  XeCl  excimer  laser  operating  at  308  nm 
(Lambda  Physik  EMG  150) .  A  variety  of  dyes  were  used,  and  the 
output  of  these  dyes  were  doubled  using  an  angle  tuned 
extracavity  doubling  crystal  for  coverage  through  the  visible  and 
ultraviolet  spectrum.  The  laser  is  directed  into  the  sample 
chamber  and  loosely  focused  using  either  a  long  focal  length  lens 
or  a  reducing  telescope.  Power  from  the  dye  laser  is  typically 
10  mJ/pulse  in  the  fundamental  and  1  mJ/pulse  doubled. 

The  sample  chamber  was  evacuated  by  a  6  inch  oil  diffusion 
pump  with  a  refrigerated  baffle  to  an  ultimate  pressure  of  10-6 
Torr;  during  the  opening  of  the  pulsed  valve,  the  pressure  rose 
to  as  much  as  5x10  6  Torr.  We  were  able  to  extract  either 
positive  or  negative  ions  from  the  interaction  region  and  focus 
them  using  cylindrical  electrostatic  lenses;  these  were  then 
mass-analyzed  using  a  quadrupole  mass  spectrometer  and  detected 
using  an  electron  multiplier. 

Current  from  the  electron  multiplier  was  measured  using  a 
gated  integrator,  and  the  output  from  the  gated  integrator  was 
digitized  and  stored  by  a  microcomputer  for  subsequent  display 
and  analysis.  The  same  microcomputer  also  supervised  other 
aspects  of  data  acquisition  such  as  tuning  the  dye  laser  and 


doubling  crystal,  opening  the  gas  nozzle,  and  firing  the  excimer 
laser. 

We  were  able  to  confine  free  electrons  to  the  interaction 
region  by  applying  a  weak  magnetic  field  produced  with  a  small 
solenoid  surrounding  this  region.  This  technique,  sometimes 
referred  to  as  momentum  filtering,  was  capable  of  preventing  the 
electrons  from  leaving  the  interaction  region  while  allowing  more 
massive  charged  particles  to  pass  through  unimpeded.  This 
arrangement  allowed  us  to  record  a  relatively  weak  signal  from 
negatively  charged  ions  without  interference  from  the  much 
stronger  electron  signal. 

Dissociative  attachment  of  electrons 

Formation  of  atomic  negative  ions  was  observed  in 
multiphoton  excitation  of  nitric  oxide,  sulfur  dioxide,  and 
several  fluorinated  aromatic  hydrocarbons.  These  will  each  be 
discussed  in  turn. 

NO.  Excitation  of  NO  near  440  nm  produces  O  at  wavelengths 
corresponding  to  four-photon  ionization  of  NO,  while  excitation 

near  226  nm  produces  0~  at  wavelengths  leading  to  two-photon 

.  •  .  2  + 
ionization  of  NO.  Both  of  these  excitations  involve  the  A  E 

electronic  state  of  NO  as  an  intermediate. 

The  spectrum  of  NO  at  226  nm  may  conveniently  be  monitored 
either  by  measuring  the  electron  current  or  by  measuring  the 
formation  of  0~  ions.  A  comparison  of  the  signals  recorded  in 
these  two  ways  reveals  that  the  major  features  of  the  two  spectra 
are  identical;  that  is,  0~  ions  are  produced  whenever  NO 
excitation  through  the  A  E  state  leads  to  ionization. 
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Four-photon  ionization  in  NO  is  somewhat  unusual,  inasmuch 
as  the  strength  of  the  ionization  signal  depends  upon  two 
resonances  accidentally  being  excited  by  the  same  wavelength. 
Consequently,  the  line  intensities  have  a  characteristic 
'signature'  which  is  easily  recognizable.  Comparing  the 
intensities  of  the  multiphoton  ionization  lines  with  those  of  the 
0  signal  reveals  a  strong  similarity  between  the  two  signals. 
Accordingly,  we  conclude  that  multiphoton  ionization  precedes 
negative  ion  formation. 

The  four-photon  ionization  of  NO  has  been  well-studied  in 
this  region.  In  particular,  several  different  workers  have 
resolved  the  energy  of  electrons  ejected  in  the  455-390  nm 
interval  [1,2].  There  is  a  distribution  of  discrete  electron 
energies  produced,  depending  on  the  incident  wavelength  and  the 
final  state  of  the  NO+  ion,  which  ranges  between  0  and  2  eV. 
Miller  and  Compton  have  performed  a  similar  study  involving  the 
(1+1)  photionization  of  NO  at  226  nm,  showing  that  the 
distribution  of  electron  energies  is  almost  identical. 

The  dissociative  attachment  of  electrons  to  NO, 

NO(X2n)  +  e"  •*  N  +  o"  (1) 

is  endothermic  by  approximately  5  eV  and  so  cannot  proceed  from 

ground  state  NO  and  2  eV  electrons.  If  the  NO  is  present  in  the 
2  + 

A  E  state,  however,  the  reaction  becomes  exothermic  by 
approximately  0.45  eV,  and  we  might  expect  thermal  electrons  to 
attach  dissociatively : 

N0*(A2E+)  +  e"  -»  N  +  O”  (2). 

This  situation  is  clouded  somewhat  by  theoretical  evidence 


.  .  .  .  2  + 
that  an  activation  barrier  exists  for  NO (A  E  ,  v=0) ,  and 

electrons  with  energies  over  1  eV  may  be  required  to  produce 

dissociative  attachment,  depending  on  the  details  of  the 

potential  functions  of  NO  and  NO  .  Nonetheless,  it  is  clear  that 

electrons  are  produced  with  sufficient  energy  to  overcome  such  a 

barrier,  so  that  eq.  (2)  is  reasonable  from  both  energetic  and 

kinetic  points  of  view.  We  therefore  regard  photoenhanced 

dissociative  attachement  as  the  most  plausible  mechanism  for 

producing  0  in  the  multiphoton  excitation  of  NO. 

CfiH5F  and  related  molecules.  We  have  observed  dissociative 
attachment  of  photoelectrons  to  four  different  fluorinated 
aromatic  molecules,  none  of  which  are  capable  of  dissociative 
attachment  in  the  ground  electronic  state.  These  molecules, 
f luorobenzene  and  the  three  isomeric  difluorobenzenes,  all  have 
strong  electronic  transitions  between  275  and  260  nm,  and  it  is 
this  state  which  is  being  excited  in  the  spectra  we  have 
observed.  We  easily  observe  the  production  of  F  ions  in  all  of 
these  molecules,  and  in  some  of  the  dif luorobenzene  isomers  we 
observe  other,  more  massive,  negative  ions  being  formed  as  well. 

The  interpretation  of  negative  ion  formation  is  most 
straightforward  for  f luorobenzene,  for  which  the  ionization 
potential  and  C-F  bond  strength  are  best  known.  The  C-F 
dissociation  energy  for  f luorobenzene  is  reported  as  5.3  eV,  a 
typical  value  for  fluorocarbons.  The  electron  affinity  of 
fluorine  is  3.4  eV,  putting  the  threshold  for  dissociative 
attachment  of  electrons  at  1.9  eV;  this  value  is  consistent  with 
our  observations  of  the  onset  of  F-  production  as  a  function  of 


the  energy  of  incident  electrons.  The  ionization  potential  of 
f luorobenzene  is  9.2  eV,  and  the  first  allowed  electronic 
transition  falls  at  264.4  nm  (4.7  eV) .  Resonance-enhanced 
ionization  through  this  transition  is,  therefore,  a  two  photon 
process  and  will  produce  electrons  with  0.2  eV  kinetic  energy  or 
less.  Dissociative  attachment  of  electrons  formed  in  this  way  to 
the  ground  state  of  f luorobenzene  will  therefore  be  an 
endothermic  reaction,  requiring  about  1.7  eV  of  additional  energy 
to  proceed.  We  therefore  interpret  the  formation  of  F  ions  as 
resulting  from  attachment  of  electrons  to  the  excited  electronic 
state,  an  exothermic  reaction  liberating  approximately  3  eV 
excess  energy. 

Similar  results  are  obtained  in  the  three  difluorobenzenes, 
leading  us  to  conclude  that  the  formation  of  F  from  excited 
states  of  fluorinated  hydrocarbons  may  be  of  quite  general 
occurrence.  The  principal  ambiguity  preventing  the 
interpretation  of  the  dif luorobenzene  experiments  is,  again,  the 
uncertainty  surrounding  the  energy  of  the  photoelectrons 
produced.  Recent  two  color  spectroscopy  on  p-dif luorobenzene  has 
shown  that  thermal  electrons  are  produced  in  quantity  for  a  laser 
wavenumber  of  36935  cm  1,  even  though  the  region  of  greatest 
absorption  is  near  36840  cm-1. 

SOz.  We  have  identified  formation  of  the  sulfide  ion,  S  , 
in  the  multiphoton  excitation  of  sulfur  dioxide  using  light  from 
a  xenon  chloride  excimer  laser  at  308  nm.  This  light  populates 
the  1A2  electronic  state  of  SC>2 ,  allowing  that  molecule  to  attach 
thermal  electrons  exothermically,  producing  S  and  02 .  Whether 


this  is  the  exact  mechanism  for  producing  S  is  uncertain,  since 

a  variety  of  additional  products  were  observed  in  the  positive 

and  negative  ion  spectra.  We  are  able,  however,  to  establish  S~ 

conclusively  as  a  product  of  the  excitation  by  monitoring  the 
.  34  - 

production  of  S  at  its  natural  abundance  of  4%.  In  addition, 
we  have  been  able  to  monitor  the  production  of  S  from  excitation 
of  S02  in  the  second  spin-allowed  band  system  near  220  nm. 
Photoionization  and  photofragmentaion 

In  order  to  interpret  the  attachment  of  photoelectrons  to 
small  molecules,  we  required  a  greater  insight  into  the  details 
of  the  mechanisms  by  which  those  photoelectrons  are  produced. 

CSg .  We  have  examined  the  production  of  photoelectrons  and 
the  attendant  production  of  atomic  and  molecular  ions  from  the 
multiphoton  excitation  of  carbon  disulfide  in  the  range  between 
330  and  280  nm,  covering  much  of  the  moderately  strong  -1I+ 
band  system.  Although  this  molecular  band  system  ultimately 
proved  unsuitable  for  further  study  into  optical  switching,  it 
provided  a  wealth  of  information  regarding  the  mechanisms  of 
ionization  and  dissociation  in  small  molecules.  Moreover,  a 
study  of  this  system  allowed  us  to  develop  the  methodology  for 
examining  the  photophysics  and  photochemistry  of  other  small 
molecules. 

The  experimental  arrangement  was  much  the  same  as  that  used 
to  study  negative  ion  formation,  except  that  provision  was  made 
for  introducing  light  from  the  excimer  laser  directly  into  the 
sample  chamber.  In  this  way,  it  was  possible  to  control  the 
wavelength  of  photolysis  independent  of  the  ionizing  wavelength. 
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We  have  established  in  these  experiments  that,  for  this 

system,  both  fragmentation  and  ionization  are  important  in 

determining  the  fate  of  the  excited  molecules  and,  thus,  the 

composition  of  the  laser-excited  plasma.  Fragmentation  was  found 

to  precede  ionization  in  every  important  instance, as  demonstrated 

by  the  importance  of  resonance-enhanced  ionization  of  the  neutral 

fragments  in  the  production  of  fragment  ions.  The  neutral 

fragments  are  produced  with  internal  excitation  of  up  to  4  eV, 

accounting  in  some  instances  for  virtually  all  of  the  excess 

energy  of  photolysis.  In  particular,  all  of  the  CS  fragments  we 

.  3 

detected  were  formed  in  the  metastable  a  n  state;  this  fact 
allowed  us  to  probe  the  triplet  manifold  of  that  molecule  in  a 
way  not  previously  possible,  and  allowed  us  to  characterize  a 
previously  undiscovered  triplet  Rydberg  state  of  CS.  The 
deposition  of  energy  into  internal  degrees  of  freedom  is  also 
reflected  in  the  low  translational  energy  of  the  neutral 
fragments  as  determined  from  the  Doppler  widths  of  their 
resonance-enhanced  multiphoton  ionization  spectra.  The  details 
of  these  studies  are  described  in  more  detail  in  two  of  the 
reprints  appended  to  this  report. 

Ferrocene.  In  work  supported  by  the  previous  grant  and 
published  during  the  current  funding  period,  we  have  made  a 
similar  investigation  of  the  multiphoton  dissociation  and 
ionization  of  ferrocene,  Fe(C5H5)2.  The  dynamics  of  this 
photodissociation  are  quite  different,  resulting  in  the 
liberation  of  substantial  translational  energy  of  the  fragments. 
This  disposition  of  energy  has  important  consequences  in  the 


photochemistry  and  multiphoton  detection  of  ferrocene;  this  work 
is  described  in  detail  in  two  of  the  appended  reprints. 
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Multiphoton  processes  such  as  aultiphoton 
dissociation  (MPD)  and  aultiphoton  ionization  (MPI)  were 
investigated  in  a  variety  of  molecules,  including  NO,  the 
methylaaines,  and  ferrocene.  The  primary  purpose  was  to 
study  the  role  of  intermediate  excited  electronic  states  on 
the  multiphoton  process  and  on  the  products  of  MPD  and  MPI . 

In  the  NO  molecule,  optical-optical  doubly-resonant 
MPI  was  used  to  investigate  the  effect  of  accidental 
resonances  in  high-lying  excited  states. 

Mass  spectra  of  methylamine,  dimethylaaine,  and 
trimethylamine  were  obtained  by  resonant  MPI  using  a  pulsed 
molecular  beam  source  and  the  excimer  laser  wavelengths  193 
and  248  run.  Power  dependence  measurements  were  made  for  the 
major  fragment  ions,  and  a  rate  equation  model  was  employed 
to  interpret  the  results.  In  cases  where  fragmentation  was 
small,  the  mass  resolved  ions  exhibited  the  expected 


IV 


integral  exponential  power  dependence;  where  fragmentation 
was  extensive,  non-integral  power  dependence  was  observed. 

A  single  wavelength  experiment  at  447.6  nm  and  a  two- 
wavelength  experiment  which  used  a  fixed  wavelength  of 
either  248  or  350  nm  in  combination  with  a  tunable  dye  laser 
(using  Courmain  C440  dye  output  wavelength  from  438  to  457 
nm)  were  used  to  investigate  the  dissociation  mechanism  of 
ferrocene.  At  447.6  nm,  the  iron  atom  recoil  in  the  MPD  of 
ferrocene  was  investigated  by  monitoring  the  Doppler 
linewidth  of  the  Fe  MPI  resonances.  The  iron  atoms  were 
observed  to  have  a  significant  amount  of  translational 
energy,  implying  that  the  dissociation  of  ferrocene  is 
through  a  non-concer ted  mechanism.  In  addition  to  ground 
state  Fe,  a  high  percentage  of  excited  Fe  atoms  were 
produced  by  both  the  248  nm  radiation  and  the  dye  laser 
wavelengths.  In  contrast,  350  nm  radiation  did  not 
significantly  dissociate  the  ferrocene. 

From  the  results  of  these  experiments,  it  can  be 
concluded  that  when  a  molecule  is  irradiated  with 
visible/ultraviolet  photons,  the  total  energy  of 
multiphoton  absorption  can  significantly  exceed  that  which 
is  necessary  for  ionization  or  dissociation  in  the 
multiphoton  absorption  process,  and  whether  a  molecule 
undergoes  ionization  or  dissociation  is  determined  by  the 
characteristics  of  the  intermediate  electronic  states.  The 
final  products  that  result  from  multiphoton  absorption  are 
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also  determined  by  the  involvement  of  the  intermediate 
excited  electronic  states  in  the  process. 
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■ ' c- '.'I' .'.it  the  \ a i cnee  states  o!  ( \S  in  the  middle  e!ira\ inlet  have  been  we!!  studied 
1  !  k  ie’atiwl}  little  is  known  about  the  Ineiter  Ivina  R  yd  be  at  stales  of  this  molecule. 

:  i..  w  i;.  reported  spectra  ofCS  Rydberg  states  in  the  vacuum  ultraviolet  region  were 
. .  >e-i  at  rattier  low  resolution  (<v).  and  rotational  line  structure  has  not  been  onset  ved 
n  >.  I  he  difficulty  of  obtaining  spectra  in  this  region  is  due  in  part  lo  the  strinuent 
v  u  uine  .  1  a  1  requirements  of  vacuum  ultraviolet  spectroscopy  and  in  part  to  the  fact 
dun  (  ■>  is  iiot  stable  with  respect  to  polymerization  under  ordinary  conditions:  it  is 
ua’K  prepared  by  photolysis  ot'CS;  or  other  thiocarbonyls.  which  themselves  have 
'."one  spectra  in  the  vacuum  ultraviolet  region. 

bruna  and  co-workers  have  predicted  through  SCF/Ci  calculations  that  the  3.svr'l' ' 
Rwilvrg  state  o!  (  S  will  lie  at  about  6!  000  era  1  (10)  and  have  calculated  its  bond 
Ciuiih  and  vibrational  force  constant.  Tin's  mue  will  have  a  fully  allowed  transition 
I  torn  the  lowest  electronic  state  in  the  tr  >lc  mi  fold  (the  a'  II  state),  corresponding 
;o  the  third  positive  group  of  CO.  Since  the  Cd-Ml  transition  will  fall  near  35  000 
cm  which  is  a  far  inirc  convenient  region  experimentally  than  is  the  vacuum  ul¬ 
traviolet,  this  ba:  ;  syste.  i  si  n  .  the  most  promising  way  of  studying  the  lowest  t?  ’et 
lOdbcrc  state  of  ( 'S. 

As  Black  and  co-woi kers  ha\ c  sht  i  (11).  photodissociation  ofCS;  below  150  nm 
produces  large  quantities  ofCS  in  its  C1I  state.  By  dissociating  CS;  with  two  photons 
iiawng  about  the  same  total  energy  through  the  resonant  '/C- Y'2+  transition  at  300 
nm  ( 12).  we  have  produced  a  similar  distribution  of  products  ( 13).  Thus,  two-photon 
dissociation  of  CS;  is  an  efficient  method  of  preparing  «3I1  CS. 

Sc\ oral  groups  has  •  reported  mass-sclcctcd  multiphoton  ionization  of  small  mol¬ 
ecules.  Although  this  method  is  ordinarily  employed  to  study  the  mass  spectrum  of  a 
particular  parei  t  at  fixed  discrete  laser  wavelengths,  Morrison  and  Grant  (14)  have 
re  :tl  demonstrated  that  resonance-e  ihaneed  multiphoto  1  ionization  can  also  be 
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ec  in.  a  pres  :ou ;  pacer  t  ;  g 
as  ;  p»l it  using  an  uu.c,  ,;u  -J 
cn;:rw  window.  Most  oi  ti  e  era  inter  iipht  paso.-d  through  this  window  and  was  used 
to  pump  a  grating-tunable  dye  laser  (I  ambda  Physik  !•'!  .1002!:  the  teflected  part  of 
:e  beam  was  (ecu sed  into  the  sample  compartment  using  a  Kl-cm-foeal-length  quart/ 
hats,  frequency  doubling  the  cr  r  laser  was  aceoniplished  with  a  tempo  raluiv-siabiii/.cd 
;.!e-tuned  K. DP  crystal  (Lambda  Physik  11  3(0.  and  the  fundamental  was  separated 
tihna  a  set  of  four  IVHin-Brocn  prisms.  The  laser  beam  was  narrowed  spatially  using 
a.  telescope  and  introduced  into  the  sample  chamber  on  the  side  opposite  to  the  exeimer 


beam,  so  that  the  two  laser  beams  would  be  eollinear  and  counterpropaguting. 

'i  he  sample  ol'C'S:  was  introduced  into  the  vacuum  chamber  through  a  pulsed 
mo  ecilar  beam  valve  (Lasertechnies  203LPV)  with  1-mm-diametcr  nozzle.  1  he 
par.sa!  pressure  ofCS?  on  the  high-pressure  side  of  the  vjive  was  the  room  temperature 
'  ap'.'i'  pressure  of  the  liquid  (ca.  400  Torr).  Spectra  were  taken  with  argon  and  helium 
carrier  gas  at  total  pressures  of  up  to  2  atm.  The  sample  chamber  was  evacuated  using 
a  6-in.  oil  diffusion  pump  with  a  refrigerated  bailie.  While  pulsing,  the  pressure  typically 
rose  to  about  5  X  10  6  Torr  in  the  detection  chamber.  1  he  background  pressure  was 
le.-s  than  10  Torr. 

Ions  produced  by  the  laser  were  extracted,  focused  through  a  set  of  three  cylindrical 
ion  lenses,  mass  selected  using  a  quadrupole  mass  filter,  and  detected  with  an  electron 
multiplier.  Detection  was  gated,  with  a  typical  detection  window  of  20  jusec. 

Synchronization  of  the  laser  pulse,  valve  opening,  and  gated  detection  was  :ceom- 
phshed  using  a  dedicated  microcomputer  with  an  analog/digital  conversion  board 
controlling  triggering  circuits.  A  timing  pulse  from  the  computer  trigg  ed  the  valve, 
which  then  triggered  a  delay  generator.  The  delay  generator  fired  the  exeimer  laser 
and  triggered  a  second  delay  generator  which,  in  turn,  triggered  th  ga'  J  ii  •  zgrator 
which  accumulated  tiie  ion  signal.  The  microcomputer  also  supervised  tuning  the 
grating  and  doubling  crystal  for  the  dye  laser  as  well  as  cc  Acting  and  storing  data  for 
subsequent  processing  and  analysis. 

Wavelengths  were  recorded  from  the  laser  dial.  These  were  calibrated  using  wave¬ 
lengths  of  atomic  sulfur  transitions  and  were  found  to  be  in  error  by  no  more  than 
0.6  cm  '.  only  slightly  more  than  the  nominal  resolution  of  the  frequency-doubled 
dye  laser  (0.3  cm  ').  We  anticipate,  then,  that  our  systematic  error  of  measurement 
between  bands  will  ordinarily  be  less  than  1  cm  and  within  a  short  range  will  be 
less  than  0. 1  cm 
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i.  Part  of  the  multiphoton  ionization  spectrum  of  C  .  recorded  (a)  using  a  single  tightly  focused 
;r  ir.im  the  d\c  laser  to  photoly/c  the  parent  CS2  and  ionize  CS.  and  (h)  using  an  excimcr  laser  pulse  to 
mlv/e  (  S-  while  the  loosely  focused  dve  laser  probes  the  transitions  in  CS  (wavenumber  scale  is  in  cm  ')■ 
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conspicuous  ten lure  ot  the  rK’O'.nnn  •>  i ! ; : ; l  u  o  shaded  to  the  \  ; 

-  ,;a :  m ;  r  ■ed:. ;‘.c!y  precludes  the  :  •  >>s; :  .i ■ : that  the  pectram  *i i » . . ■  ;.)  ; 
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1  and  head'-.  In  each  vinrationai  hand,  tile  re  are  two  sets  of  tame  it-. 
‘  p;\  01  about  ro  to  i  ( 1  cm  1  between  adiae.au  members,  cot  res}  :ii  - 
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'.sect  tor  the  w  'I!  sta.e  to  be  the  upper  slate,  it  must  he  the  1-  •  cr  state.  T 
...e  is  sibsajiientiy  continued  b>  \ibrationai  and  rotational  anal  v  sis. 
t.’.ird  characteristic  teat  tire  ot*  the  spectrum  is  a  set  of  particular!}  si  m  pie  a 
.et'e-d  branches  which  occur  t  the  red  most  edge  of  each  of  these  bands  (I 
; i  0 '.animation  of  the  wavenumber  inters  ..is  between  corresponding  lines 
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::  sane  and  le.'minutiiy.  >>n  the  i  '■  o.  »;npoi.e:it  of  the  upper  state.  This  numbering 
U  - 1>  :,i  i  ;■>!..•  I.  I  i;e  remainder  of  th--  rotational  analy  ■  proceeds  in  a  straiehifor- 
-'ii ti  ’.‘.a;..  \  Tibi;:::  these  cuiicludons: 

1 1 '  i  he  upper  state  relational  energies  i  a>  be  reprcscn.ed  b\  a  y  simple  .  .un- 
imam  inch  aline  e:>l\  if'  and  IX: 

n\)  -  /;  ;  if,  MX  i )  n\x:(X  v  i  y. 

Neither  spin  *  pan  nor  spin-rotation  splitting' was  resolved,  f  lie  value*  ' IX  determined 
!V.  *m  the  rotational  analysis  was  found  not  to  be  s  .  r.Tieantly  ditieren  from  the  value 
determined  tru-m  t lie  •.  irrational  frequency,  assumi  y  a  harmonic  oscillator  approx¬ 
imation..  1  lie  value  of  D’  was  therefore  fixed  at  l.S  I  cm  ’. 

(2)  I  he  hres  arising  fiom  /"[  are  not  doubled,  as  w  :!d  be  expected  if  they  arose 
uom  both  .  .ty  components  of  the  lower  state.  Instead. .  nlv  a  single  parity  component 
is  icpivsenled  in  each  branch:  1  the  branch,  only  the  /  component  of  the  lower 
slate  was  observed:  for  the  /';i  and  (Ju  branches,  only  the  e  component;  and  so  on. 
I  ire  failure  to  observe  A-type  doubling  in  the  i"[  c  -nponent  implies  that  the  excited 
state  has  'A  symmetry,  anti  the  specific  parity  components  which  are  observed  identify 
it  as  a  A  electronic  stale. 
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t .  1  i  he  \ .  lues  of  IV  arc  quiic  similar  to  tU  :>.c  iomul  b>  C  :;>uy:ieu  and  1  iorani  ( /  “  ) 
a  :'  a.:  t a  •  -  its  A  '  _  state.  as  would  be  expveted  for  a  Rxdbcre.  state  of  (AS.  W  e 
it  e  web  >  'it at  t  c  M  J  '  auti'i  v. e  calculate  liorn  the  rotational  constants,  /a 

'  T'2  0:,  .;ivs  a  vo- rains  with  a  1'otid  length  of  i.-oT  A  predieted  l>\  I  Tuna 

.  a'.  prior  to  the  publication  of  the  results  of  <  iauyacq  and  1  Iorani. 

We  conclude,  therefore,  that  the  transitions  observed  in  this  work  belong  to  a 
'd  •  u  [i  band  svstetn  in  CS.  and  that  the  u:  per  state  is  mod  probabls  the  3w'':i 
Tdbvrg  e  predicted  b\  Bn  mu  c:  {hi),  i Vont  our  auignmerus.  we  caieula.tc  !' 

tv  O  ’d  eni  1  as  the  equilibrium  energy  of  the  upper  state,  compared  with  6  I  2'i  ) 
can,  1  calculated  by  Bruna  e/  c.l.  1  he  \  ibrational  frequency  of  the  upper  state  is  about 
i1'  'a.  ss  than  ihn.t  of  tl’.e  ion.  which  is  not  up.reascnaKe  fo-  a  Msdlv:;’.  state. 

i  he  re  are  ;  ‘.eiuitmble  perturbations  to  the  upper  .one.  . floor  .it  such  p-  •:  \  u  r- 
haiioas  may  re  masked  b\  our  mode  ,l  resolution.  Our  inabiiiiv  to  icsoive  spin-sMiiim-e. 
menus  that  tltere  is  an  intrinsie  overiapj>inj>  of  se\eral  branches  in  eaeh  band,  lor 
e:\amph.  the  !i \ . .  (Jr-,  and  /V,  branches  will  be  ex  'dy  c  mcident  in  the  ease  of 
\ anishina  spin-rotation  and  spin-spin  coupling.  In  adiiition  to  this  overlapping,  there 
is  considerable  congestion  near  tlic  center  of  the  bands  due  to  the  collisions  of  lines 
from  di Herein  branches  (e.g..  the  Ah ;  and  AW  branches).  A  given  spectral  feature  may 
thus  have  several  assignments,  and  the  strongest  features  are  often  actually  blends  of 
several  rotational  lines.  Where  this  Mending  compromises  our  ability  to  measure  a 
line  position  to  better  than  0.2  cm  1  relative  to  its  neighbors,  we  have  given  the  mea¬ 
surement  a  weight  of  zero  in  our  tit:  such  assignments  are  denoted  with  an  asterisk  in 
Tn  dc  !. 

Rotational  constants  and  upper  state  \ibronic  term  values  were  determined  from 
the  measured,  line  positions:  these  derived  constants  are  collected  in  Table  II.  The 
errors  1  a  IV  are  determined  by  random  errors  of  measurement  within  the  band,  w  hereas 
the  e:  rs  on  T\  are  due  to  systematic  errors  of  calibration  between  bands;  these 
errors  are  indicated  in  Table  II.  The  rotational  constant  of  the  upper  state  was  con¬ 
strained  to  be  ;  ;e  same  for  the  fO.  0).  (0.  1).  and  ((,).  2)  bands.  In  practice,  since  the 
data  from  the  (0,  0)  band  were  of  higher  quality  than  those  from  the  other  two.  this 
meant  that  the  upper  state  rotational  constant  />()  v,.  determined  primarily  from  the 
(0.  0)  band,  and  its  value  was  held  fixed  for  the  (0,  1)  and  (0,  2)  bands.  The  upper 


tabu:  ii 

Derived  Constants  for  the  'g-.r!I  Band  Svstem  of  CS 


64238.2(6)  0.83560(5) 


-53033.8(6)  0.85328(4) 


63033 . 5(6) 


63034 .3(6) 


-6  - 1 
D  »/10  cm 
v 


‘Error  i  *3  one  standard  deviation  in  un;  i  of  the  last 
significant  figure. 
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d.c-c  v :  in  os  should  bee.  e  been  w  ithm  their  mu'.!:  J  -,',.1  o ;  ic.u 
ft'."'  cm  hi  ..a',  the  values  varied  in  about  DT  cm  i  ctv.oen 
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!:i  t.ddl'm.i  to  the  imcs  ii.-.lcd  in  Iab'e  I.  weak  bandhead:.  were  i'oiiiui  ;.t  :  1  dm  a..d 
'•4  i -i  cm  :.  I  hcse  were  assumed  to  the  C.  ;h'a!  < 1  ■  I ■  r;i : : ai i of  tne  (!."'>  band. 
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1  >  tl'.e  added  butler  gas  appears  to-  . 

icpopnlatc  t h 

e  v  ibialion: 

: i I \  excited  s 

tales  oi  C  !-, ■ 

to  :i:  '  e\;e;U  that  hot  . .  i  : : .  i:i  : :;  ■ 

<  S  ha  on  -n 

!  :  iv  less  re. 

.  !;iy  observe 

\  >1  ■■  \  s  t  V  ’  \ 

db 'hough  it. eh  photon  hadxoi 

■  ii\\‘  it  ']■  mm r 

y  yea i!  as  an 

imporlant  s; 

metre:  cop;c 

to..!  in  study  oi' free  radicals  in  t 

he  g.as  phase. 

its  use  has 

mostly  been 

eonliued  to 

'due  sit'.dy  o!' photolysis  products  at  p. 

ermai  equilil 

•■rium.  1  Ids 

restriction  is 

due  in  part 

to  me  broadband  tlashlumns  vs  hie:.  have  customarily  been  uvd  lor  photoly  sis  sources 
and  "i  part  to  the  inherent  insensitivity  of  absorption  spectroscopy,  which  is  often  tire 
method  of  choice  for  detectin'-!  radicals,  furthermore,  the  very  hot  primary  products 
produced  by  a  convention;!!  photolysis  source  often  yield  a  spectrum  far  too  compli¬ 
cated  for  convenient  analysis,  finally,  the  dillicuity  of  distinguishing  the  spectrum  of 
the  product  from  that  of  the  parent  is  a  recurring  problem  in  the  spectroscopy  of  free 
radicals.  For  these  reasons,  a  study  ft  lie  nascent  product  distribution  in  conu  lional 
fash  photoly  is  is  usually  neither  lea  si  hie  nor  informative,  and  so  absorption  spectra 
of  free  radicals  in  excited  electronic  states  are  not  commonly  observed. 

The  pr.  sent  method  of  ;  mruing  the  optical  spectrum  addresses  many  of  these 
d;  cullies.  Because  the  cm  _-r  laser  is  a  relatively  monochroma; '  e  photolysis  source, 
tlve  products  are  formed  with  a  restricted  range  of  excitation  energies.  Multiphoton 
ionization  detection  is  intrinsically  sensitive  compared  with  absorption,  anti  monitoring 
individual  ions  allows  us  to  d:  inguish  between  the  spectrum  of  the  parent  anti  that 
of  I  fragments  unit  to!  le  loss  of:  isitivity. 

h  lie  (  d  radical  i  i  its  1  vest  uiplet  state  has  a  chemical  lifetime  of  several  seconds 
and  a  radiative  lifetime  of  several  milliseconds.  Since  the  laser  pulses  we  used  were  of 
the  oivier  of  10  '  see  m  duration,  use  ofihe  technique  we  have  described  need  not  be 
restricted  to  sir  long  ivod  transients.  Indeed,  we  expect  this  method  could  successfully 
be  used  for  i  eules  with  1  etimes  as  low  as  10  nsec  with  no  modification  of  our 
ipparatas. 

The  main  tlrawback  to  the  use  of  multi}  oton  ionization  for  molecular  optical 
speciroscopy  is  the  problem  of  power  broad.  :iing,  which  often  limits  the  useful  res¬ 
olution  to  a  value  gre  ter  0  n  the  'V^pler  ■.vi-'di.  There  is  no  general  solution  for 
this  problem,  only  compre  •  be.  en  }  nver  1  utdening  and 

signal  st:  en;  h  on  a  case-b;  .. 

We  have  scare;. ed  'dully  ior  evidence  of  the  .  1 1 1I-.V 1 1'  ‘  transitions  reported  by 
McCrary  and  co-workers  in  this  region  (16)  and  have  found  none.  Although  it  is  not 
possible  to  conclude  on  this  basis  that  singlet  states  of  C’S  are  absent  in  our  experiment, 
that  inference  is  certainly  plausible.  If  this  is  the  ease,  the  dominant  steps  in  the  di:>- 
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Products  of  the  laser  multiphoton  dissociation  of  carbon  disulfide  have  been  studied  by  mass-selected  resonance-enhanced 
multiphoton  ionization  spectroscopy  between  330  and  280  nm.  Photolysis  is  shown  to  produce  CS  in  its  a’ll  state,  atomic 
carbon  in  its  'P,  'D.  and  'S  states,  and  sulfur  in  its  'P,  'D,  and  ’S  electronic  states.  The  results  indicate  that  fragmentation 
of  CS:  competes  with  ionization  at  moderate  laser  flux  densities  and  that  fragmentation  typically  precedes  ionization  in  the 
formation  of  fragment  ions  Doppler  broadening  measurements  indicate  that  little  of  the  excess  energy  of  photolysis  is  released 
as  translational  energy. 


Introduction 

The  single-photon  photochemistry  and  spectroscopy  of  carbon 
disulfide  are  rich  and  varied,  and  this  variety  is  reflected  in  the 
multiphoton  processes  it  can  undergo.  In  the  near-  and  mid- 
ultraviolet.  its  absorption  spectrum  is  dominated  by  exceedingly 
complicated  transitions  to  electronic  states  derived  from  the  'A„ 
and  1 * *  Au  states  of  the  linear  molecule.1  4  In  the  region  between 
I  50  and  200  nm  the  spectrum  is  less  well  understood,  but  there 
is  clear  evidence  that  both  valence''’  and  Rydberg7 * * *"  states  are 
present 

The  photochemistry  of  carbon  disulfide  is  sensitive  to  the 
wavelength  of  photolysis.  Absorption  of  a  single  photon  at  193 
nm  excites  the  molecule  to  both  singlet  and  triplet  dissociative 
states,  leading  to  production  of  CSfX1-4 5 6)  and  sulfur  atoms  in 
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the  'D  and  'P  states.9  12  Further  into  the  ultraviolet,  production 
of  CS(a’II)  becomes  important;  between  140  and  125  nm,  CS 
is  produced  almost  exclusively  in  the  lowest  triplet  state.1’ 

The  multiphoton  processes  in  CS2  are  even  more  diverse  and 
arc  less  clearly  understood.  Rianda  et  al.14  studied  the  multiphoton 
ionization  spectrum  of  CS:  between  330  and  390  nm  and  reported 
the  close  similarity  of  the  multiphoton  ionization  spectrum  to  the 
absorption  spectrum  over  that  range.  They  did  not.  however, 
analyze  the  products  of  the  photolysis,  monitoring  instead  the  total 
ion  current.  Later,  Seaver  et  al.1'  used  mass  spectrometry  to 
analyze  the  products  of  multiphoton  photolysis  and  ionization  at 
193  and  266  nm  and  concluded  that  two  different  mechanisms 
of  ion  formation  operate  at  those  two  wavelengths.  More  recently, 
Fotakis  et  al.16  reported  formation  of  CS(A'II)  and  CS(d’A)  in 
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the  multiphoton  photolysis  of  CS,  with  a  narrowed  krE  laser 
operating  near  248  nm.  Rientak  and  Ernst  have  reported  ob¬ 
servations  of  multistep  ionization  in  CS,  at  337  nm  involving  both 
optical  and  eollisional  excitation 

The  difficult)  in  interpreting  the  above  multiphoton  experi¬ 
ments.  all  of  which  use  a  fixed-wavelength  laser,  is  that  there  is 
no  obvious  wav  of  determining  whether  the  results  presented  are 
characteristic  of  a  broad  wavelength  range  or.  instead  reflect  local 
anomalies  in  the  spectroscope  of  CS,  or  its  fragments.  In  this 
paper,  therefore,  we  systematically  examine  the  multiphoton 
spectrum  of  CS-  over  the  wavelength  range  of  its  first  strong 
absorption  in  the  ultraviolet  Our  goal  is  to  identity  the  principal 
fragments  produced  in  the  multiphoton  dissociation  of  carbon 
disulfide  in  the  region  between  330  and  280  nm  using  the 
mass-anal)  zed  multiphoton  ionization  spectra  of  the  parent  CS, 
and  its  various  fragments. 

In  doing  so.  we  can  demonstrate  the  importance  of  resonance 
effects  not  only  in  the  formation  of  the  CSC  ion  but  also  in  the 
ionization  of  CS.  C.  and  S  fragments.  The  mass-  and  frequen¬ 
cy-resolved  spectra  lead  us  to  conclude  that,  to  a  good  approxi¬ 
mation.  fragmentation  precedes  ionization  in  most  instances  at 
these  wavelengths;  that  CS  is  produced  in  the  a‘II  state  by  a 
two-photon  process  at  wavelengths  near  308  nm:  and  that  C  and 
S  atoms  are  produced  both  in  ground  and  excited  states  with 
energies  up  to  3  eV. 

I- experimental  Section 

The  experimental  apparatus  consists  of  a  pulsed  molecular  beam 
t Laserlechnies  I.PV)  with  a  I -mm  nozzle  aperture,  crossed  at  a 
distance  20-50-mm  downstream  with  the  output  of  a  frequen¬ 
cy-doubled  l  ambda  Phvsik  dye  laser  (EL2002E)  pumped  by  a 
Lambda  Phvsik  XeCI  excimer  laser  (F.MG102).  Ions  created  in 
the  interaction  region  are  extracted  through  a  set  of  ion  lenses, 
mass  selected  with  a  quadrupole.  and  detected  with  an  electron 
multiplier  The  chamber  is  pumped  by  a  6-in.  oil  diffusion  pump 
and  maintained  at  a  pressure  of  less  than  10  ‘  Torr  during  the 
experiment. 

The  excimer  laser  produces  pulses  of  about  20-ns  duration.  The 
energy  of  the  doubled  dye  laser  pulse  is  typically  1  to  2  mJ.  giving 
a  mean  pulse  power  near  100  kW  This  was  focussed  by  a  20-cm 
focal  length  lens. 

Most  spectra  were  recorded  with  a  spectral  line  width  of  0.3 
cm  scanning  the  laser  wavelength  by  tuning  the  dye  laser 
diffraction  grating  and  KDP  doubling  crystal  (Lambda  Physik 
Fl.30)  simultanously  A  few  features  were  also  recorded  at  higher 
resolution,  tuning  the  diffraction  grating  and  an  intracavity  etalon 
to  cover  a  narrow  spectral  range  In  the  high-resolution  mode, 
the  intracavity  etalon  in  the  oscillator  of  the  dye  laser  provided 
laser  wavelengths  with  a  line  width  of  0.05  cm'1.  The  dyes  used 
were  Rhodamine  640.  610.  and  590  and  Coumarin  540A  Some 
atomic  and  molecular  resonant  transitions  were  also  probed  with 
two-color  multiphoton  ionization,  in  which  case  part  of  the  excimer 
laser  beam  at  308  nm  was  diverted  and  introduced  into  the 
chamber  col  I  inear  and  counterpropagating  with  respect  to  the  dye 
laser  beam. 

The  carbon  disulfide  was  from  MCB,  Inc.,  and  was  used  without 
further  purification  The  room  temperature  vapor  pressure  of  CS: 
was  introduced  into  the  molecular  beam  valve  with  and  without 
argon  carrier  gas  The  ionization  spectra  did  not  change  sig¬ 
nificantly  under  these  conditions. 

The  laser  pulse,  valve  opening,  and  gated  detection  were  syn¬ 
chronized  by  a  dedicated  microcomputer  with  an  analog/digital 
conversion  board  to  control  the  various  triggering  circuits.  A 
timing  pulse  from  the  computer  triggered  the  valve,  which  in  turn 
triggered  a  delay  generator  The  delay  generator  fired  the  excimer 
laser  and  triggered  a  second  delay  gener  tor  which,  in  turn, 
triggered  the  gated  integrator  to  accumulate  the  ion  signal.  The 
microcomputer  also  supervised  tuning  the  grating,  etalon.  and 
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doubling  crystal  for  the  dye  laser,  collecting  and  storing  data,  and 
processing  and  analyzing  the  data  following  the  experiment. 

Results  and  Discussion 

Several  ionic  species,  both  atomic  and  molecular,  were  observed 
as  products  of  multiphoton  dissociation  and  ionization  of  CS-  The 
formation  of  each  ion  was  monitored  as  a  function  of  wavelength, 
and  the  appearance  spectrum  of  the  ion  could,  in  most  instances, 
be  identified  with  the  optical  spectrum  of  the  parent  neutral 
species.  Monitoring  the  production  of  S+.  for  example,  provides 
a  resonance-enhanced  multiphoton  ionization  spectrum  of  the 
sulfur  atom  freshly  produced  by  the  dissociation  of  C  S,.  while 
monitoring  the  current  of  CS  +  yields  a  spectrum  of  neutral  C  S. 

A  discussion  of  the  various  products  will  require  some  under¬ 
standing  of  the  thermody  namics  of  CS,  and  its  fragments.  I  sing 
the  appearance  potential  of  CS+  from  CS,  (15.80  ±  0.03  eV)11' 
and  the  known  ionization  potential  of  CS  ( 1 1  335  eV).1'1  we  can 
deduce  the  dissociation  energy  of  the  SC-S  bond  (to  produce  CS 
and  S  in  their  ground  stales)  as  4.46  ±  0.04  eV  Alternately,  this 
dissociation  energy  can  be  derived  from  the  appearance  potential 
of  S+  from  CS,  ( 1 4.787  ±  0.004  eV)-'°  and  the  ionization  potential 
of  atomic  sulfur  (10.360  eV)'1  as  4.427  ±  0  004  eV.  or  about 
35  700  cm  1  (280  nm).  Dissociation  to  ground-state  sulfur  (’P,) 
and  ground  state  C'S  ('!'*)  from  ground-state  CS,  ( 1  —  )  is  not. 
however,  a  spin-allowed  process;  the  first  such  allowed  process, 
producing  CS(X'2.'+)  and  S('D,).  requires  an  additional  10  193 
cm  '(l.26eV).  To  produce  S(  'S„)  requires  22  1 80  cm  '.or  2.75 
eV.  over  production  of  S('P-). 

CS:*  The  CSC  molecular  ion  was  prominent  in  the  mass 
spectrum  at  all  wavelengths  studied  In  general,  its  formation 
appeared  to  be  enhanced  by  the  one-photon  resonances 

of  CS,  between  330  and  280  nm.  and  a  plot  of  the  ion  current 
as  a  function  of  wavelength  is  very  similar  to  the  single-photon 
absorption  spectrum  of  CS;.  Direct  formation  of  the  CSC  ion 
from  CS,  is  a  three-photon  process,  since  the  ionization  potential 
of  CS,  is  10.08  eV.--  The  similarity  of  the  three-photon  ionization 
spectrum  to  the  absorption  spectrum  suggests  that  only  the  first 
photon  is  in  resonance:  in  particular,  the  D  and  E  states  near  8 
eV  appear  unimportant  in  promoting  the  ionization. 

The  spectroscopy  of  CS,  in  the  near-ultraviolet  has  been  the 
subject  of  several  analyses.1'  There  are  two  important  sets  of 
electronic  states  giving  rise  to  band  systems  between  270  and  400 
nm.  The  ’A,  electronic  state,  of  which  only  the  B,  spin-electronic 
component  has  been  rotationally  analyzed,  probably  arises  from 
the  'Au  electronic  state  of  the  linear  molecule,  while  the  corre¬ 
sponding  'Au  state  of  linear  CS,  gives  rise  to  'B,  and  'A,  electronic 
states  of  the  bent  molecule.  The  most  intense  band  system  in  this 
wavelength  range  is  the  'B,-X'2;g+  system,  which  has  been  the 
subject  of  extensive  investigation  by  Merer  and  co-workers. :  As 
expected,  the  three-photon  ionization  spectrum  is  most  strongly 
enhanced  by  one-photon  resonances  with  this  strong  singlet-singlet 
system. 

CS*.  By  monitoring  the  production  of  CS+  we  are  able,  in 
principle,  to  detect  either  the  resonance-enhanced  multiphoton 
ionization  spectrum  of  the  neutral  CS  molecule  or  the  fragmen¬ 
tation  of  the  CSC  molecular  ion.  In  the  330-310-nm  excitation 
region,  this  ion  current  is  relatively  weak,  and  its  spectrum  is  much 
the  same  as  that  of  the  CS2+  ion.  All  processes  except  the  ab¬ 
sorption  of  the  initial  photon  by  CS2  appear  to  be  nonresonant, 
and  so  it  is  impossible  based  on  present  evidence  to  determine 
whether  ionization  precedes  or  follows  fragmentation  in  this 
spectral  region. 

To  the  violet  of  about  308  nm.  however,  a  much  stronger  and 
simpler  spectrum  begins  to  emerge.  Part  of  this  spectrum  is 

(18)  Ono,  Y  ;  Linn.  S  H.,  Prest.  H.  F  ,  Gress,  M  E.;  Ng.  C  Y.  J  Chem 
Phys  19*0.  73.  2523 

(19)  Huber.  K  P  .  Herzberg.  G  Constants  of  Diatomic  Molecules.  Van 
Nostrand-Reinhold:  New  York,  1979 

(20)  Eland,  J  H  D  ;  Berkowitz.  J  }  Chem  Phis  1979.  70.  5151 

(21)  Kaufman.  V  Phys  Scr  19*2,  2ft.  439 

(22)  Tanaka.  Y  .  Jursa.  A  S  .  I  cblanc,  L  J  J  Chem  Phys  19*0.  32. 
!  7ns 


Wavenumber 

Figure  I.  Part  of  the  '2.">-a!II  resonance-enhanced  two-photon  ionization  spectrum  of  CS.  recorded  by  monitoring  the  current  of  CS*  as  a  function 
of  laser  wavelength  CS(aTl)  is  produced  from  the  photolysis  of  CS2  by  308-nm  excitation  from  a  XeCI  excimer  laser.  The  wavenumber  is  given  in 


presented  in  Figure  I .  This  spectrum  is  dominated  in  this  region 
by  a  one-photon  resonance  which  is  identified  as  a  3-*-a3n 
transition.  The  details  of  the  vibrational  and  rotational  analyses 
have  been  presented  elsewhere23  and  will  not  be  repeated  here. 
All  evidence  points  toward  the  direct  production  of  CS(3n) 
through  the  reaction 

CS2  -  CS(a3n)  +  S(»Pft,j)  (1) 

This  process  requires  7.87  eV  at  threshold,  or  two  photons  at  about 
315  nm.  Using  the  excimer  laser  at  308  nm  for  photolysis  we 
would,  therefore,  expect  the  product  CS(a3Fl)  to  be  formed  with 
very  little  vibrational  excitation.  This  is.  indeed,  what  we  observe; 
moreover,  we  find  that  using  a  relatively  short-wavelength  dye 
laser  for  photolysis  produces  many  additional  “hot”  features  in 
the  spectrum  of  CS.  Finally,  we  note  that  we  observe  the  (1,2) 
band  of  this  system  upon  photolyzing  at  308  nm.  Since  there  is 
not  enough  energy  to  produce  v"  =  2  from  ground  state  CS2  at 
this  wavelength,  the  band  is  presumably  due  to  photolysis  of  hot 
CS;.  We  find  that  by  pressurizing  the  sample  on  the  stagnation 
side  of  the  nozzle  with  2  atm  of  Ar  we  are  able  to  cool  the  CS2 
vibrational  energy  sufficiently  to  discriminate  against  this  band. 
We  conclude  that  reaction  1  is,  then,  responsible  for  the  direct 
production  of  CS  in  its  lowest  triplet  state,  and  that  the  frag¬ 
mentation  of  CS2  to  CS(a3n)  and  S(3Po,,.2)  competes  with  the 
ionization  to  CS2*  at  the  laser  flux  densities  of  this  experiment. 

.S’*  Brewer  et  al.24  have  reported  observing  the  3Po.i.2  and  'D2 
states  of  atomic  sulfur  as  products  of  the  photolysis  of  CS2.  In 
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TABLE  I:  Atomic  Transitions  Observed  in  the  Yfultiphoton 
Dissociation  and  Ionization  of  CS2 


S  3p4 
3p4 
3p4 
3p4 
3p4 
3p4 
3p4 
3p4 
C  2p2 


assignment 

'P„  —  4p’P0 
'P„  — ►  4p  ’P2 
3P,  — -  4p  3P, 
3P,  —  4P  3P; 
3P;  — »  4P  >P„ 

3P; - 4P  ’P, 

3P;  —  4P  !P; 
'So  —  4s  3S° 

'P0  —  3p  3P0 
3P0  —  3p  3P2 
'P,  3p  !P, 
3P,  —  3p  % 
>P2  —  3p  3P0 
!P;  —  3p  !P, 
'P;  — ♦  3p  JP2 
'D2  — 3p'D2 
'D2  — -  3p  'S0 
'S„—*  5p'D2 
'So  — -  4p  'So 


in  atomic  sulfur.  The  wavelength  of  the  atomic  transitions  we 
observe  are  summarized  in  Table  I.  The  3p4  3P2  —  -»  4p  3P0,i.2 
lines  appearing  near  308  nm  are  of  particular  interest,  since  they 
fall  within  the  gain  profile  of  the  308-nm  emission  of  the  XeCI 
excimer  laser  and  may  be  important  in  photochemistry  promoted 
by  that  laser.  Brewer  et  al.24  remarked  that  these  lines  were  far 
broader  than  they  had  expected  and  suggested  that  the  additional 
line  width  might  be  due  to  Doppler  broadening  of  translationally 
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Figure  2.  The  ■.pin  components  of  the  'P;  *  *  'Poi  :  resonance-en¬ 
hanced  three-photon  ionization  spectrum  of  atomic  sulfur,  recorded  by 
monitoring  the  current  of  S‘  as  a  function  of  laser  wavelength  The 
spacing  between  the  ./ ’  =  I  and  7  =  2  components  is  I  8  cm  ’.  and  the 
average  line  width  llwhm).  which  is  power  broadened  by  an  undeter¬ 
mined  amount,  is  0  2*  cm  :  W  avenumbers  of  these  transitions  are  listed 
in  Table  I 

hot  sulfur  atoms.  Since  we  expect  the  majority  of  3p4  'P  sulfur 
atoms  to  be  formed  b>  the  same  reaction  which  produces  CS(a3n). 
and  since  that  reaction  is  only  slightly  above  threshold  in  this 
wavelength  range,  the  mechanism  of  eq  1  is  not  consistent  with 
a  large  Doppler  broadening. 

To  clarify  this  issue,  we  have  performed  a  series  of  measure¬ 
ments  using  an  etalon-narrowed  dye  laser  at  several  power  levels. 
A  typical  scan  at  a  low  power  level  is  shown  in  Figure  2.  Ex¬ 
perimenting  with  different  power  levels  reveals  that  these  lines 
are  very  sensitive  to  power  broadening,  and  lowering  the  power 
to  eliminate  the  effects  of  power  broadening  caused  the  signal/ 
noise  to  deteriorate  to  unsatisfactory  levels.  That  is,  at  power  levels 
low  enough  to  eliminate  power-dependent  broadening  of  the  atomic 
lines,  the  signal  is  eliminated  as  well.  Some  asymmetric  shifting 
due  the  ac  Stark  effect  may  also  contribute  to  the  observed  line 
profiles:  at  the  signal/noise  level  of  our  low  power  scans,  it  is  not 
possible  to  distinguish  these  effects.  Consequently,  we  are  unable 
to  establish  the  exact  magnitude  of  the  Doppler  broadening,  only 
to  place  an  upper  limit  on  its  size.  Nonetheless,  based  on  measured 
line  widths  of  0.25  cm'1,  we  can  conclude  that  the  translational 
energy  is  less  than  0.3  eV.  This  result  is  consistent  with  a  two- 
photon  dissociation  by  the  mechanism  of  eq  1  and  is  less  than  had 
been  reported  by  Brewer  et  al..24  who  were  unable  to  resolve  the 
’P,  -»  -*  3P0  spin  component  shown  in  Figure  2. 

Some  caution  must  be  exercised  in  interpreting  our  observed 
line  widths,  since  the  photodissociation  process  need  not  produce 
isotropically  distributed  fragments.  As  a  result,  it  would  be  unwise 
to  attempt  to  extract  a  rigorous  partitioning  of  the  translational 
energy  of  the  fragments  without  first  determining  whether  there 
is  any  preferential  direction  of  ejection  of  atoms  with  respect  to 
the  directions  of  propagation  and  polarization  of  the  incident  light. 

Transitions  originating  in  the  'S  and  'D  states  of  atomic  sulfur 
have  also  been  identified  in  the  spectrum.  These  states  of  sulfur 
could  be  formed  in  two  obvious  ways:  either  from  the  dissociation 
of  CS;  or  from  the  dissociation  of  CS.  In  order  to  form  singlet 
sulfur  from  the  dissocation  of  singlet  CS2,  spin  conservation  re¬ 
quires  that  singlet  CS  be  formed  in  the  two  reactions 

CS;  —  CS(X'2+)  +  S(‘D)  (2) 

CS2  —  CS(X‘2+)  +  S('S)  (3) 

We  have  searched  carefully  for  evidence  of  the  production  of  CS 
in  its  ground  electronic  state  and  have  found  none.  We  cannot, 
therefore,  confirm  the  importance  of  reactions  2  and  3,  and  we 
conclude  that  formation  of  singlet  states  of  atomic  sulfur  from 
the  photodissociation  of  CS(a3Il)  is  equally  plausible  on  the  basis 
of  our  experimental  results. 

C*.  Our  multiphoton  ionization  spectrum  of  atomic  carbon 
is  similar  in  many  ways  to  that  observed  by  Bolovinos  et  al,,  who 
identified  the  'D,  -*  -*  3p' P(  transition  in  carbon  produced  from 
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Figure  3.  The  'P0 ,  .  ~~  ’Po.u  transition  of  atomic  carbon,  recorded 
by  monitoring  the  current  of  C*  as  a  function  of  laser  wavenumber,  which 
is  given  in  cm  1  beneath  the  spectrum.  The  stick  diagram  below  the 
experimental  spectrum  illustrates  the  intensity  ratios  for  the  spin  com¬ 
ponents  expected  on  the  basis  of  the  one-parameter  model  of  ref  24. 
assuming  equal  population  of  the  spin  components  of  the  lower  slate 

TABLE  li:  Intensity  Factors  for  the  Spin  Components  of  a  'P,  -  - 

JP_,  Two-Photon  Transition 

7  =  0  J'  =  1  7=2 

7"  =  0  7,(1  +  2<):  0  I  ,)•’ 

7  "  =  I  0  7.(1  +  <)J  +  <:  'Ml  -  <)-’ 

7”  =2  -7,(1  -«):  '/j(  !—<)•’  ‘,7(1  +  '/;()•’  + 

'/.(I  +  0:  +  2r 

the  photolysis  of  aromatic  molecules,2'  and  Whetten  et  al..  who 
identified  several  transitions  originating  in  the  'D.  and  3P0  , ;  levels 
of  neutral  carbon  from  photolysis  of  C6F6  and  benzaldehyde.26 

Atomic  carbon  resonances  are  observed  from  the  3P,  'D,  and 
'S  states.  Among  these,  the  resonant  transition  2p'D.  -►  -*  3p'D; 
at  320.4237  nm  is  the  strongest  feature  in  the  C+  spectrum.  About 
6.7  nm  to  the  violet  of  this  strong  line,  a  weaker  feature  due  to 
the  2p'S0  -*  -»  5 p 1 D;  transition  is  identified.  The  total  energy 
required  to  produce  C(2p‘D;)  from  CS;  is  about  13.05  eV;  to 
produce  C(2p'S0)  requires  14.47  eV.  A  single  photon  in  this 
wavelength  range  provides  about  3.9  eV,  and  so  a  minimum  of 
four  photons  is  required  to  produce  either  singlet  state  of  carbon 
from  CS2.  Four  photons  will  deposit  approximately  15,6  eV  into 
CS2,  leaving  a  residual  energy  of  either  1.3  eV  (for  'S0  carbon) 
or  2.4  eV  (for  'D;  carbon)  to  be  disposed  of  in  some  way. 

While  it  is  not  possible  at  this  time  to  determine  the  exact 
partition  of  the  remaining  energy,  we  can  rule  out  translational 
excitation  of  carbon  atoms  as  being  important.  Upper  limits  to 
the  Doppler  widths  of  both  the  2p'D;  — *  -►  3p'D;  and  the  2p'S0 
— *  -»  5p ‘  D;  transitions  have  been  measured,  and  both  are  found 
to  be  less  than  0.3  cm'1,  which  is  only  slightly  above  the  Doppler 
width  at  room  temperature.  The  most  probable  repository  of  the 
excess  energy  is,  then,  electronic  excitation  of  one  or  both  sulfur 
atoms  to  the  'D;  state  (1.15  eV). 

Near  280  nm,  we  observe  the  2p3Py«  — *  -»  3p3Py  transitions 
of  the  carbon  atom,  as  shown  in  Figure  3.  The  intensities  of  these 
two-photon  transitions  are  represented  to  a  good  approximation 
by  the  one-parameter  model  used  by  Brewer  et  al.,24  reproduced 
here  in  Table  II.  Following  those  authors,  we  define  an  asym¬ 
metry  parameter  t  =  [0(±1)//3(O)]1/2,  where  P(ML)  is  the  two- 
photon  absorption  cross  section.  We  find  that  an  adequate 
treatment  of  the  observed  intensities  is  provided  by  choosing  an 
asymmetry  parameter  *  =  0.15. 

As  expected,  the  2p3P,  -»  -*  3p3P9  and  2p3P0  -»  -*  3p3P, 
transitions  are  not  observed.  The  2p3P;  — *  -*  3p3P0  transition, 
which  should  have  the  same  intensity  as  the  2p’P0  — •  -*  3p3P; 
transition,  is  actually  observed  to  be  somewhat  stronger;  a  similar 
disparity  exists  between  the  2p3P;  -»  -*  3p3P,  and  2p3P,  -»  -* 


(25)  Bolovinos,  A.  Spyrou,  S.;  Cefalas,  A.  C.;  Philis,  J.  G.:  Tsekeris.  P.  7. 
Chem.  Phys.  19*6,  85.  2335. 

(26)  Whetten,  R  L.;  Fu,  K.-J.;  Tapper,  R.  S.;  Grant,  E.  R.  J.  Phys  Chem. 
1983,  87.  1484. 
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3p'P:  transitions.  rhese  slight  enhancements  of  J"  =  2  relative 
to  0  and  I  may  be  a  reflection  of  the  population  distribution  vs  ithtn 
the  2 p ’ P ,  states 

Conclusions 

The  mulltpholon  dissociation  of  CS-  in  the  wavelength  range 
from  330  to  2X0  nm  is  shown  to  pnxluce  carbon  and  sulfur  atoms 
in  their  lowest  three  electronic  states  and  CS  in  its  lowest  triplet 
state.  The  electronic  excitation  of  the  products  amounts  to  as 
much  as  2."  eV  for  the  atoms  and  over  3  eV  for  the  CS  fragment 

The  atomic  lines  are  all  quite  sensitive  to  power  broadening 
and.  possibly.  the  ae  Stark  effect,  making  accurate  measurement 
of  the  line  widths  impossible  in  the  present  experiment.  Upper 
limits  for  some  Doppler  widths  have  been  measured,  however,  and 
these  are  only  slightly  greater  than  the  room-temperature  Doppler 
width  This  leads  us  to  conclude  that  little  of  the  excess  energy 
of  photolysis  is  deposited  as  translational  energy,  but  rather  that 
most  i>  taken  up  by  internal  degrees  of  freedom  of  the  fragments. 


f  inally,  we  note  that  the  resonance  effects  substantially  change 
the  distribution  of  product  ions  over  the  relatively  narrow 
wavelength  range  we  have  investigated,  and  there  is  every  reason 
to  believe  that  the  distribution  would  change  even  more  drastically 
as  other  electronic  states  of  CS.  are  probed.  In  particular,  the 
production  of  S*  is  greatly  enhanced  near  the  3()K-nm  XeC  I 
exeimer  band  due  to  the  two-photon  3pJ  'P,  -»  *  4p  'P;  tran¬ 
sition  in  atomic  sulfur,  which  is  accidentally  in  resonance  with 
the  laser  wavelength.  We  expect  this  resonance  to  play  an  im¬ 
portant  part  in  the  multiphoton  photolysis  and  ionization  of  many 
sulfur-containing  compounds,  and  so  would  urge  great  care  in  the 
interpretation  of  such  experiments. 
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The  state  distributions  and  relative  yields  of  iron  atoms  generated  in  the  multiphoton  dissociation  of  ferrocene  bv  the  combined 
radiation  of  an  excimer  laser  (248  or  351  nm)  and  a  dye  laser  in  the  region  430-452  nm  were  probed  by  multiphoton  ionization. 
The  use  of  different  wavelengths  alters  the  amount  of  energy  deposited  in  ferrocene  prior  to  dissociation.  Comparison  of 
the  two-color  work  with  spectra  obtained  with  purely  visible  radiation  reveals  that  351-nm  radiation  is  ineffective  in  producing 
rapid  dissociation,  whereas  248  nm  produces  iron  in  a  large  number  of  electronic  states  The  rapid  production  of  iron  appears 
to  require  1 .5  eV  of  excess  energy  abov  e  the  dissociation  threshold  and  is  likely  a  direct  dissociation  on  a  repulsive  surface. 


Introduction 

The  process  of  unimolecular  dissociation  has  been  well  studied1 
and  is  very  accurately  characterized  in  many  cases  by  RRKM 
theory2  or  quasiequilibrium  theory2  (QET).  The  work  in  this  field 
has  almost  exclusively  centered  on  single  dissociation  processes 
yielding  two  products.  Often,  the  time-of-flight  technique  is 
employed  to  measure  the  velocity  and  mass  of  one  of  the  products 
which,  through  conservation  of  momentum  and  energy,  allows  a 
measure  of  the  kinetic  energy  release.4  5  More  recently,  the 
statistical  treatment  of  unimolecular  dissociation  has  been  extended 
to  fragmentation  processes  yielding  several  products,6  formulating 
the  partitioning  of  excess  energy  into  the  available  degrees  of 
freedom’  and  identifying  the  experimentally  observable8  char¬ 
acteristics  which  can  discriminate  between  sequential  and  si¬ 
multaneous  dissociation  mechanisms. 

In  contrast  to  statistical  decomposition,  if  dissociation  occurs 
on  a  time  scale  that  is  fast  compared  to  redistribution  of  energy 
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among  vibrational  modes,  dissociation  may  be  highly  specific  in 
the  resulting  distribution  of  energy  among  degrees  of  freedom. 
Occasionally,  this  has  been  observed  by  chemical  activation: 
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Figure  1.  Various  amounts  of  excess  energy  for  dissociation  of  ferrocene 
are  produced  with  different  wavelengths,  either  singly  or  in  combination. 
The  absorption  spectrum  on  the  left  shows  allowed  ferrocene  transitions 
(a)  shows  2.1-eV  excess  energy  is  produced  with  448  nm  alone,  (b)  shows 
0.7-eV  excess  is  provided  by  351-nm  radiation,  and  (c)  shows  an  ample 
3  8  eV  from  two  photons  of  248-nm  radiation. 

Rowland  and  co-workers'’  have  observed  rapid,  nonstatistical 
dissociation  of  Sn(CH2CH=CH2)4  or  Ge(CH2CH=CH2)4  upon 
addition  of  an  F  atom  to  the  double  bond,  much  faster  than 
accountable  by  RRKM.  More  often,  rapid,  direct  dissociation 
is  observed  in  photofragmentation.10 

These  two  mechanisms,  one  statistical,  the  other  direct,  apply 
to  different  molecules.  A  molecule  as  large  as  ferrocene  (bis- 
(cyclopentadienyl)iron)  has  two  factors  that  would  favor  a  sta¬ 
tistical  mechanism  of  photodissociation:  (1)  a  large  number  of 
vibrational  modes  (57  internal  degrees  of  freedom),  and  (2)  a  high 
density  of  electronic  states  of  various  multiplicities.  It  would  seem 
that  the  great  many  vibrational  modes  would  provide  ample  op¬ 
portunity  for  mode  coupling  and  would  serve  as  a  bath  for  qua¬ 
siequilibrium  to  develop.  The  high  density  of  electronic  states 
would  provide  ample  opportunity  for  curve  crossings  to  prevent 
direct  dissociation  on  an  isolated  electronic  surface.  The  lack  of 
phosphorescence  in  ferrocene"  indicates  ample  intersystem  con¬ 
version  and  relaxation  even  in  energetically  low-lying  states;  the 
situation  would  appear  even  more  complicated  near  the  dissociation 
threshold.  From  these  considerations,  it  might  be  expected  that 
ferrocene  would  be  a  typical  example  of  statistical  unimolecular 
decomposition. 

The  observation  of  iron  atoms  produced  in  high  yields  in 
multiphoton  dissociation  (MPD)  of  ferrocene,  as  detected  by 
multiphoton  ionization  (MPI)  near  300  nm,  suggests  that  the 
mechanism  for  iron  production  via  ferrocene  decomposition  is  not 
simply  statistical.12  The  appearance  of  iron  within  1  ns,  using 
400-nm  radiation,"  also  suggests  that  the  energy  is  not  randomized 
over  all  57  internal  degrees  of  freedom. 

In  a  subsequent  paper14  we  demonstrate  a  method  for  probing 
the  resulting  translational  energy  distribution  for  the  product  of 
a  two-step  dissociation  process  using  a  narrow-line-width  tunable 
laser  in  the  wavelength  region  430-452  nm.  The  Doppler  profile 
of  some  strong  Fe  lines  resulting  from  the  multiphoton  dissociation 
of  ferrocene  reveals  that  a  direct  dissociation  occurs  and  that  most 
of  the  excess  energy  appears  as  translational  energy  of  the 
products.  In  this  paper,  we  examine  the  combined  dye  laser 
radiation  with  varying  amounts  of  excimer  laser  radiation  in  order 

(9)  Rodgers,  P  ;  Montague,  D  C  ;  Frank,  J  P.;  Tyler,  S.  C  ;  Rowland,  F 
S.  Chem  Phys  Leu  1982.  89,  9  Rodgers,  P,;  Selco,  J  I.;  Rowland,  F.  S, 
Chem  Phys  Lett  19*3,  97,  313 

(10)  Leone,  S  R.  Adv.  Chem.  Phys.  19*2,  JO,  255. 

(11)  Muller,  L.  A.  Ann  Phys.  1927,  82.  39 

(12)  Engelking,  P.  C.  Chem.  Phys.  Lett.  19*0,  74,  207 

(13)  Lculwyler,  S.;  Even,  (J.;  Jortner,  J.  Chem.  Phys.  Lett.  19*0,  74,  II. 

(14)  Liou,  H  T ;  Engelking,  P  C.;  Ono,  Y  .  Moaeley.  J.  T  J.  Phys.  Chem , 
following  article  in  this  issue 
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Figure  2.  Multiphoton  dissociation/ multiphoton  ionization  spectra  of 
ferrocene,  using  (a)  C440  dye  laser  radiation  alone,  (b)  C440  +  351  nm. 
(c)  C440  +  248  nm.  The  wavelength  is  that  of  the  C440  dye  laser 

to  investigate  changes  in  the  dissociation  process,  particularly  the 
final  electronic  state  of  Fe,  as  a  function  of  excess  energy.  We 
find  that  the  rapid  direct  dissociation  of  ferrocene  does  not  occur 
with  0.9-eV  excess  energy,  proceeds  rapidly  with  2.1-eV  excess 
energy,  and  not  only  proceeds  rapidly  with  3.8-eV  excess  energy, 
but  also  produces  electronically  excited  iron  in  a  variety  of  states. 

The  experimental  MPD  situations  which  we  wish  to  investigate 
are  illustrated  in  Figure  1  In  (a),  three  photons  of  448-nm 
radiation  exceed  the  6.2-eV  dissociation  threshold  by  2.1  eV  In 
(b).  the  maximum  available  energy  is  0.9  eV  above  the  dissociation 
threshold.  In  (c),  two  248-nm  photons  provide  the  excess  3.8  eV. 

The  iron  product  atoms  will  be  probed  by  a  dye  laser  operating 
near  448  nm.  MPI  resonances  will  allow  us  to  determine  what 
states  of  iron  are  produced. 

Experiment 

The  experimental  arrangement  consists  of  an  excimer  laser,  a 
dye  laser,15  and  a  parallel  plate  ionization  chamber.  A  quartz 
beam  splitter  placed  in  the  path  of  the  excimer  laser  beam  removes 
8%  of  the  UV  radiation  for  delivery  to  the  sample;  the  transmitted 
beam  pumps  the  Coumarin  440  (C440)  dye  laser.  The  UV  ra¬ 
diation  passes  through  a  variable  attenuator  assembly  (a  set  of 
20  removable  quartz  slide  covers)  and  is  combined  coaxially  with 
the  dye  laser  beam  by  a  high  reflectance  dielectric  mirror.  The 
UV  radiation  exposes  a  volume  that  totally  includes  that  volume 
irradiated  by  the  visible  light.  The  beams  are  focussed  by  a  16-cm 
focal  length  quartz  lens  into  the  parallel-plate  ionization  chamber 
containing  7  mTorr  of  ferrocene  (room  temperature  vapor  pres¬ 
sure),"’  at  a  total  pressure  of  100  mTorr.  Products  of  ferrocene 
dissociation  are  eliminated  by  maintaining  a  gentle  flow  of  the 
background  gas,  slowly  pumped  over  the  ferrocene  and  through 
the  chamber.  A  potential  of  approximately  250  V  is  applied  across 
the  plates  and  the  total  ionization  signal  is  processed  by  a  gated 
integrator  and  recorded  by  either  a  computer  or  a  chart  recorder. 
The  laser  powers  were  monitored  separately  with  a  Gentec  Model 
Ed- 100  power  meter  for  the  UV  and  an  Analog  Modules  Inc., 
LEM  100  photodiode  for  the  visible. 

Studies  of  ion  products  were  performed  with  a  quadrupole  mass 
spectrometer.  In  the  static  gas  cell  mode,  ions  created  in  the 
7-mTorr  region  are  extracted  through  a  1.5-mm-diameter  aper- 
ature,  mass  analyzed  with  a  quadrupole  mass  spectrometer,  and 
detected  with  an  ETP  AEM-2000  electron  multiplier.  In  a  pulsed 


(15)  Chin*.  T.;  Li,  F  Y.  Appl  Opt.  19*0,  19.  3651. 
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Figure  3.  Ion  signal  vs.  laser  intensity  at  447.6  nm. 

beam  mode,  a  Lasertechnics  LPV  pulsed  molecular  beam  valve, 
supplied  with  Ar  carrier  gas  at  1000  Torr  and  ferrocene  at  room 
temperature  vapor  pressure,  provided  a  source  of  molecules  in  a 
chamber  evacuated  to  6  X  1 0-6  Torr  by  a  6-in.  diffusion  pump. 

Results 

The  ionization  intensities,  as  functions  of  the  dye  laser  wave¬ 
length,  and  obtained  with  440,  440  +  351,  and  440  +  248  nm, 
are  shown  in  Figure  2. 

Dye  Laser  440-nm  Dissociation.  The  strong  features  of  the 
C  440  laser  scan  are  readily  assigned  to  the  a5D^-e5D^  two-photon 
transitions  of  Fe,  using  the  Fe  levels  provided  by  Corliss  and 
Sugar.17  This  is  similar  to  a  spectrum  previously  published  by 
Leutwyler  et  al.18  The  A/  =  0  transitions  dominate  the  spectrum 
in  the  447. 5-448. 3-nm  region  with  five  peaks  representing  J  = 
0-4.  The  A/  =  ±1,  ±2  transitions  are  also  present  at  much  lower 
intensity.  Higher  laser  powers  revealed  more  of  the  weaker 
structure  and  saturated  the  stronger  structure.  The  smaller  peaks 
in  the  spectrum  can  be  assigned  to  either  one-  or  two-photon 
resonant  transitions  originating  from  the  ground  a5D  multiplet 
of  Fe.  Very  weak  peaks  are  assigned  to  transitions  originating 
from  the  a5F  states.  Nearly  all  of  the  iron  appears  as  Fe(asDy). 

The  relative  population  of  the  various  J  states  of  Fe(a5Dy)  can 
be  estimated  by  assuming  that  the  AT  =  0  transitions,  for  J  = 
0-4,  are  saturated  at  high,  constant  laser  power,  and  the  peak 
heights  represent  the  populations.  The  best  fit  of  levels  7=1-4 
to  a  thermal  distribution  corresponds  to  a  temperature  of  1 200 
K  at  typical,  saturating  laser  powers  of  4  mJ /pulse.  The  7  =  0 
peak  is  always  anomalously  high,  possibly  due  to  the  overlap  with 
the  shoulder  of  the  7  =  1  peak. 

Figure  3  shows  the  saturation  behavior  of  the  J"  =  4  -»  7'  = 
4  line.  The  low-power  slope  of  4.4  +  0.2  indicates  a  least  four 
photons  are  rate  controlling  for  the  combined  process  of  disso¬ 
ciation  followed  by  ionization.  This  is  understood  as  second-order 
photon  dependence  for  molecular  dissociation,  and  second-order 
photon  dependence  for  the  resonant  two-photon  atomic  transition. 
Saturation  of  the  latter  results  in  a  slope  of  1.8  ±  0.3  at  high 
powers,  controlled  by  dissociation. 

351-nm  Dissociation.  The  351-nm  +  C440  two-color  spectrum 
shown  in  Figure  2b  has  many  features  identical  with  those  of  the 
C440  single-color  spectrum.  Several  new  peaks  detected  can  be 
assigned  to  the  resonances  in  Fe  listed  in  Table  I,  resulting  from 
transitions  driven  by  the  visible  radiation  either  following  or 
preceding  transitions  driven  by  the  XeF  excimer  radiation. 

Strikingly,  the  majority  of  the  features  do  not  increase  when 
351-nm  radiation  is  added  to  the  visible.  Thus,  most  of  the  signal 
results  from  the  440-nm  radiation  alone.  The  351-nm  radiation 
with  the  photon  intensities  used  in  this  study  does  not  increase 


(17)  Corliw,  C.;  Sugar,  J.  7.  Phys.  Chem.  Ref.  Data  IM2.  It,  135. 

(18)  Leutwyler,  S.;  Even,  U.;  Jortner,  J.  7.  Phys.  Chem.  Ml,  85,  3026. 


TABLE  I:  Resonances  in  tbe  Two-Color  Ionization  of  Fe  Involving 
35 1/35 3-nm  Excimer  Radiation  and  tbe  C440  Dye  Laser 


wavelength,  nm 

transitions 

442.87 

a5Dj  —  z7F4  —  e7Gj 
-f>F. 

—  v3F4 

443.64 

a5D2  —  z7F,  — -  e3D2 

—  f*F2 

—  y'D2 

—  e7G, 

444.67 

a5D2  —  z7F2  —  t3D2 
— *•  U3Pj 

446.78 

asD,  -  z’F0  -  FF, 

447.31 

asD|  —  z7F,  —  e3D2 

-ff2 
—  y‘o2 
-*■  e7G, 

the  rate  of  ferrocene  dissociation,  nor  does  it  produce  new  iron 
states;  it  only  provides  additional  possibilities  for  resonant  iron 
atom  transitions. 

248-nm  Dissociation.  Adding  248-nm  radiation  to  that  of  the 
C440  dye  laser  drastically  changes  the  spectrum,  as  evident  in 
Figure  2c.  Even  low  KrF  excimer  laser  intensity  (0.3  mJ/pulse) 
generates  new  features  that  exceed  the  magnitude  of  the  strong 
a5Dr  -*  esDy.  transitions.  Furthermore,  increasing  the  248-nm 
radiation  increases  the  background  ion  signal.  In  addition,  some 
of  the  resonant  transition  ion  peaks  are  actually  diminished  with 
higher  248-nm  intensities. 

The  resonant  transitions  of  Fe  (a5D4  -*■  x5F4,  a5D3  -*•  x5F4) 
within  the  KrF  laser  bandwidth  deplete  the  ground  multiplet  7 
=  4  and  7=3  level  populations.  This  reduces  the  intensities  of 
the  strong  two-photon  resonant  transitions  originating  from  these 
levels.  Additionally,  the  x5F  levels  ionize  in  the  presence  of  the 
strong  248-nm  radiation,  contributing  the  strong  ionization 
background.  Finally,  many  of  the  new  transitions  originate  from 
higher  iron  states,  particularly  the  a3P°  multiplet. 

The  ionization  background  due  to  248-nm  radiation  alone  is 
approximately  first  order  with  respect  to  the  photon  flux.  This 
is  consistent  with  a  mechanism  that  is  saturated  in  all  steps  except 
the  first:  absorption  by  ferrocene. 

Mass  Spectra  of  Product  Ions.  A  mass  spectrum  of  the 
MPD/MPI  products  of  ferrocene  in  the  C440  dye  region  revealed 
only  Fe+  ions  when  the  pulsed  molecular  beam  configuration  was 
employed,  consistent  with  the  work  reported  by  Leutwyler  et  al.1* 
In  the  static  gas  cell  configuration,  FeCp+,  FeCpj+,  and  Cp~  were 
observed  as  well,  obviously  resulting  from  secondary  collisions. 
Ion-molecule  collisions  have  similarly  accounted  for  a  variety  of 
fragment  ions  from  the  MPI  of  FefCOJs.'9  The  spectra  of  each 
of  the  ions  from  ferrocene  revealed  a  structure  identical  with  that 
of  the  Fe+  spectrum,  shown  in  Figure  2a.  Fragment  ions  of  the 
cyclopentadienyl  ring  were  not  observed.  In  contrast  to  the  MPI 
study  by  Fisanick  et  al.,30  where  no  benzene  was  detected  from 
the  photodissociation  of  Cr(C6H6)2  and  CrfCO^QH*,  ferrocene 
has  exhibited  absorption  by  tbe  cyclopentadienyl  ring  after  flash 
photolysis.21  Mechanisms  to  account  for  the  various  ions  detected 
in  this  work  presume  the  formation  of  the  cyclopentadienyl  free 
radical  from  tbe  dissociation  of  ferrocene.  In  the  two-color 
MPD/MPI  spectra,  the  same  product  ions  were  observed  as  in 
the  single-color  spectrum.  Tbe  most  likely  exothermic  ion- 
molecule  reactions  are  the  following: 


Fe+  +  FeCp2  -»  Fe  +  FeCp2+  (1) 


Fe+  +  Cp  +  M  —  FeCp+  +  M  (2) 


FeCp  +  e'  -*  Fe  +  Cp" 
Cp  +  e~  +  M  -*■  Cp"  +  M 


(3) 

(4) 


(19)  Whetten,  R.  L.;  Fu.  K.  J.;  Grant,  E.  R.  7.  Chem.  Phys.  1983,  79, 
4899. 

(20)  Fisanick,  G.  J.;  Gedanken,  A.;  Eichelberger,  IV,  T.  S.;  Kuebier,  N. 
A.;  Robin,  M.  B.  7.  Chem.  Phys.  1981,  75,  5215. 

(21)  Thrush,  B.  A.  Nature  (London)  1996.  178,  155. 


Two-Color  MPI  of  Ferrocene 

The  ionization  potential  is  7.871  eV  for  Fe.17  and  6.747  eV  for 
ferrocene.-'-’  Thus  the  charge-transfer  reaction  1  is  exothermic 
by  more  than  1  eV.  From  the  relative  intensities  of  the  respective 
ion  peaks  and  considering  the  distance  from  the  ionization  region 
to  the  detector  entrance  (2  mm)  and  the  7  mTorr  of  ferrocene, 
the  charge-transfer  cross  section  is  estimated  to  be  on  the  order 
of  3  x  10  cm2. 

Reaction  2  is  the  only  exothermic  reaction  mechanism  forming 
FeCp+  from  a  bimolecular  collision.  This  association  reaction 
is  only  0.35-eV  exothermic,  derived  from  the  FeCp+  appearance 
potential  reported  by  Bar  et  al.,22  and  subsequent  collisions  of  the 
complex  may  serve  to  stabilize  this  product  ion.  Ion-molecule 
reactions  involving  Fe+  with  FeCp,  or  FeCp  to  form  FeCp+  are 
endothermic  by  3  and  1.3  eV.  respectively,  from  Bar's22  data,  in 
conjunction  with  the  ferrocene  dissociation  energy  reported  by 
Lewis  and  Smith.2-’  Kinetic  shift  effects  associated  with  the 
appearance  potential  measurement  of  FeCp+  in  ref  22  cannot 
compensate  enough  to  make  these  reactions  exothermic. 

Electrons  from  the  three-photon  ionization  of  Fe  at  447.5  mm 
have  less  than  0.45  eV  of  kinetic  energy24  which  permits  two 
mechansism  for  Cp  formation.  Although  dissociative  electron 
attachment  to  ferrocene  forming  FeCp  +  Cp  requires  at  least 
1.7-eV  electrons,  either  the  dissociative  attachment  to  FeCp.  (3). 
or  the  simple  association  reaction.  (4).  could  account  for  the 
negative  ion  formation.  The  C5H5  electron  affinity  is  2.21  eV22 
and  the  energy  to  dissociate  FeCp  is  also  2.21  eV.2-’  thus  reaction 
3  can  occur.  Reaction  4  requires  either  a  stabilizing  collision  or 
a  mechanism  to  convert  the  excess  energy  to  vibrations  in  the  C<FL 
ring  in  order  to  prevent  detachment. 

Discussion 

The  foremost  question  that  results  from  this  work  is  why  fer¬ 
rocene  MPD  is  not  aided  by  351-nm  radiation.  Several  possibilities 
can  be  explored. 

First,  lack  of  absorption  at  351  nm  as  an  explanation  may  be 
discarded.  The  absorption  cross  section26-27  is  lower  by  only  one 
order  of  magnitude  from  that  at  450  nm,  and  it  is  unlikely  that 
the  second  photon  absorption  process  would  be  forbidden  by  any 
more  than  this.  It  should  also  be  recognized  that  we  have  at  least 
an  order  of  magnitude  greater  photon  flux  available  at  351  nm, 
and  that  the  dissociation  at  351  nm  would  proceed  in  a  1  +  l 
process  via  a  known  absorption  resonance.  It  is  very  unlikely  that 
ferrocene  is  unable  to  absorb  two  photons  of  351-nm  radiation 
in  a  two-step  process. 

One  possibility  may  account  for  lack  of  iron  production.  The 
ferrocene  may  quickly  equipartition  the  0.9-eV  excess  energy 
among  its  vibrational  modes,  making  this  energy  unavailable  for 
rapid  dissociation.  Thus,  in  the  case  of  351-nm  radiation,  an 
RRKM  unimolecular  decomposition  model  may  apply. 

In  the  case  of  351-nm  radiation,  with  0.9-eV  excess  energy,  a 
Kassel  semiclassical  approximation  for  the  RRKM  unimolecular 
decomposition  reaction  rate  is  on  the  order  of  10~‘)  s'1.  Thus,  the 
decomposition  by  an  RRKM  mechanism  may  be  too  slow  to 
observe. 

One  reason  a  direct  dissociation  does  not  occur  with  0.9-eV 
excess  energy  is  that  no  appropriate  singlet  energy  surface  occurs 
at  this  energy  in  the  Franck-Condon  region.  A  direct  dissociation 
needs  a  repulsive  electronic  surface  that  correlates  to  the  disso¬ 
ciation  products.  In  a  prototype  for  photodissociation,  alkali  halide 
A  *-  X  absorption11  occurs  between  the  ionic  ground  state  and 
the  covalent  excited  state.  The  dissociation  causes  a  diffuse 
absorption  spectrum.  Formally,  we  have  a  case  of  a  predissoci- 

(22)  Bar,  R.;  Heines.  T.;  Nager,  C.;  Jungen,  M.  Chem.  Phys.  Lett.  IW2. 
91.  440, 

(23)  Lewis,  K.  E.;  Smith,  G.  P.  J.  Am.  Chem.  Soc.  19B4,  106.  4650 

(24)  Nagano,  Y.;  Achiba,  Y.;  Sato,  K.;  Kimura,  K.  Chem.  Phys.  Leu. 
1982,  93.  510. 

(25)  DiDomenico,  A.;  Harland,  P.  W.;  Franklin.  J.  L.  J.  Chem.  Phys. 
1972,  56.  5299. 

(26)  Armstrong,  A.  T.;  Smith,  F.;  Elder,  E.;  McGlynn,  S.  P.  J.  Chem. 
Phys.  1967,  46.  4321 

(27)  Sohn,  Y.  S.;  Hendrickson,  D.  N.;  Gray,  H.  B.  J  Am.  Chem.  Soc. 
1971,  93,  3603. 
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rFe - Cp 

Figure  4.  Schematic  correlation  of  the  ferrocene  states  with  the  Fe  + 
2Cp  dissociation  products  The  lowest  repulsive  singlet  surface  correlates 
to  the  a’F.  I  5  eV  above  dissocation  threshold  Multiple  curve  crossings 
to  a'D  and  a'F  repulsive  states  occur 

ation,  since  the  A  state  adiabatic  surface  correlates  to  high  energy 
ionic  products.  However,  dissociation  occurs  through  a  curve 
crossing  with  the  nearby  X  state  that  does  correlate  with  the 
correct  neutral  products.  This  predissociation  occurs  rapidly,28 
and  might  best  be  viewed  as  a  direct  dissociation  on  a  diabatic 
surface  that  crosses  over  to  the  correct  products. 

Using  this  example,  we  may  examine  dissociation  of  ferrocene 
in  a  new  light.  For  rapid  dissociation  to  occur,  there  must  be  an 
adiabatic,  or  a  diabatic.  repulsive  surface  in  the  Franck-Condon 
region.  Although  the  presence  of  the  high  nuclear  charge  iron 
atom  weakens  the  spin-selection  rules,  singlet-triplet  photoab¬ 
sorption  processes  are  at  least  three  orders  of  magnitude  weaker 
than  corresponding  singlet-singlet  transitions.  Thus  to  be  strongly 
photoactive,  the  appropriate  surface  is  expected  to  be  a  singlet. 
We  notice  from  Figure  4  that  the  lowest  atomic  triplet  is  the  a’F 
state  1.5  eV  above  the  ground  a’D  state.  A  singlet  ferrocene 
surface  may  correlate  to  a  triplet  iron  plus  two  doublet  cyclo- 
pentadienyls,  but  not  to  a  quintet  iron  plus  two  radicals.  Thus, 
the  first  repulsive  singlet  surface  will  be  at  least  1 .5  eV  above  the 
dissociation  threshold.  All  these  points  taken  together,  we  may 
reach  the  hypothesis  that  the  active  repulsive  singlet  surface  is 
at  least  1.5  eV  above  the  dissociation  threshold. 

In  support  of  this  hypothesis,  we  note  that  the  known  MPD 
processes  rapidly  producing  iron,  whether  two  photons  of  wave¬ 
lengths  shorter  than  300  nm,  or  three  photons  shorter  than  450 
nm,  all  provide  at  least  1.5-eV  excess  energy.  Two  photons  of 
350  nm  are  insufficient. 

It  must  now  be  remarked  that  the  actual  products  appear 
primarily  in  quintet  states,  in  addition  to  appearance  in  triplet 
iron  states.  Curve  crossings  such  as  those  shown  in  Figure  4  would 
have  to  be  responsible.  This  is  not  unusual:  the  determination 
of  the  activation  energy  barrier  for  ferrocene  dissociation,  and 
thus  the  energy  of  dissociation  of  ferrocene  itself,  depends  upon 
a  curve  crossing  rapid  on  the  time  scale  of  dissociation.  The  singlet 
surface  provides  a  terminal  state  for  photoabsorption,  and  the 
initial  force  for  separation  of  the  products;  the  subsequent  curve 
crossings  provide  access  to  the  final  product  states. 

In  contrast  to  the  case  of  too  little  energy,  less  than  1 .5  eV, 
the  case  of  two  248-nm  photons  would  provide  ample  energy  for 
dissociation,  presumably  on  a  higher  singlet  repulsive  surface  that 
correlates  to  the  a’F  or  another,  higher  triplet.  Multiple  curve 
crossings  provide  ample  possibilities  of  product  states.  Thus  it 


(28)  London,  F.  Z.  Phys.  1932,  74.  143. 


,s  likely  that  a  number  of  product  states  would  result,  in  agreement 
with  the  large  number  of  product  states  observed. 

This  hypothesis  explains  the  observed  facts:  it  differs  from  the 
statistical  hypothesis  of  either  RRKM  or  maximal  entropy  for¬ 
mulations  T  he  latter  do  not  imply  a  rapid  dissociation,  and  in 
fact  RRtxM  implies  a  relatively  slow  metastable  dissociation,  too 
'low  for  the  production  of  Fe  on  the  nanosecond  time  scale. 

Several  experiments  that  would  distinguish  between  statistical 
and  direct  dissociation  may  be  imagined  One  that  would  be 
diagnostic  would  be  the  characterization  of  the  recoil  of  the  three 
resulting  fragments  \  direct  dissociation  on  a  repulsive  surface 
would  impart  significant  kinetic  energy  to  at  least  two  fragments 
The  large  kinetic  energy  of  the  iron,  demonstrated  in  the  subse¬ 
quent  paper,  supports  this  direet  dissociation  hypothesis. 

Conclusions 

The  N1PD  products  of  ferrocene  vary  as  amounts  of  excess 
energy  increase  With  a  small  0.9-eV  excess,  iron  atoms  are  not 
rapidly  produced.  W  ith  2  I  -eV  excess,  ferrocene  rapidly  disso¬ 
ciates.  producing  iron  atoms  in  predominantly  the  ground  a5D 


multiple!.  With  3.8-eV  excess  energy,  not  only  is  iron  produced 
rapidly  ,  but  the  iron  appears  in  a  large  number  of  electronic  states 

With  two  wavelengths,  the  possible  MPI  resonances  increase 
in  number,  giving  new  structural  features  in  an  MPI  spectrum. 
248-nm  excimer  radiation  has  a  strong  resonance  with  a'D,  and 
.TDj  states  or  iron,  leading  to  efficient  ionization  via  resonant  MPD 
of  ferrocene  and  resonant  MPI  of  iron.  One  result  of  this  study 
is  that  351-nm  radiation  does  not  dissociate  ferrocene  rapidly  and 
248-nm  radiation  does  not  dissociate  ferrocene  cleanly  MPD 
studies  w  ith  better  knowledge  of  the  product  Fe  states  would  best 
be  performed  using  three  photons  of  440  nm  or  two  photons  of 
300  nm. 
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The  translational  energy  of  atomic  iron,  produced  by  a  three-photon  dissociation  of  bis(eyelopentadienyl)iron  (ferrocene), 
has  been  measured  by  using  the  atomic  multiphoton  ionization  Doppler  line  width  at  440  nm  The  iron  atoms  have  an  appreciable 
amount  of  recoil,  indicating  that  the  ferrocene  dissociation  process  is  nonconcerted  and  does  not  preserve  a  center  of  symmetry. 
This  is  also  evidence  for  a  dissociation  via  one  or  more  repulsive  electronic  states,  rather  than  by  statistical,  unimolecular 
decay  of  a  hot  ground  state 


Introduction 

Many  organometallic  compounds  photodissociate  upon  ab¬ 
sorption  of  light.1  '  This  process  can  dominate  their  photophysics 
in  an  intense  laser  radiation  field  In  one  or  several  multiphoton 
dissociation  (  MPDl  steps,  a  central  metal  atom  can  shake  off  its 
ligands,  leaving  it  as  a  bare  metal  atom.  In  spite  of  relatively  low 
ionization  potentials  for  many  organometallic  compounds,  the  rate 
of  this  MPD  often  exceeds  the  rate  of  direct  ionization  of  the 
molecule  by  several  orders  of  magnitude.8"1' 

The  metal  atoms  are  detectable  by  a  subsequent  resonant  atomic 
multiphoton  ionization  (MPI)  event,814  Because  resonant 
multiphoton  ionization  can  be  extremely  efficient,  an  overall 
MPD/ MPI  process  can  dominate  direct  multiphoton  ionization 
of  molecules.  This  is  easily  demonstrated  in  a  wavelength  scan 
in  a  multiphoton  ionization  experiment:  strong  features  corre¬ 
sponding  to  wavelengths  of  atomic  absorptions  appear  in  the 
spectra  of  organometallic  compounds.  Figure  I  shows  this  for 
ferrocene 

When  the  dissociating  laser  is  not  tuned  to  an  atomic  resonance, 
this  process  of  multiphoton  dissociation  of  a  volatile  organometallic 
compound  can  produce  high  (ca.  1 0,fc  cm  !)  concentrations  of 
metal  atoms  in  the  gas  phase.  One  may  imagine  a  number  of  uses 
for  optically  controllable,  local  production  of  high  densities  of  metal 
atoms.  For  example,  metal  mirrors  may  be  plated  onto  surfaces 
with  micron  resolution  by  multiphoton  dissociation  of  metal  al¬ 
kyls.16  One  goal  of  investigation  into  this  MPD  mechanism  is 
to  determine  how  much  control  could  be  exercised  over  this  process 

'  Present  address:  Department  of  Chemistry.  University  of  Pennsylvania. 
Philadelphia.  PA  14104 


of  metal  atom  production.  One  question  immediately  stands  out: 
What  is  the  translational  temperature  of  the  metal  atoms? 

When  the  dissociating  laser  is  tuned  to  an  atomic  resonance, 
a  strong  ionization,  characteristic  of  a  particular  element,  is  ob¬ 
served.  Atomic  absorptions  may  serve  as  very  sensitive  analytical 
markers  for  the  presence  of  organometallic  compounds  containing 
a  given  metal  atom.  We  may  envision  MPD/ MPI  as  not  only 
a  qualitative,  but  also  a  quantitative  analytical  technique.  As  in 
any  quantitative  atomic  absorption  technique,  knowledge  of  the 
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Figure  1,  MPD/MPI  spectrum  of  ferrocene  in  the  448-nm  region. 

line  width  is  important  to  correctly  match  the  excitation  to  the 
sample.  The  line  width  is  often  dominated  by  Doppler  effects, 
and  again  we  are  led  to  the  question  of  the  translational  tem¬ 
perature  of  the  metal  atoms. 

We  have  investigated  the  MPI/MPD  of  metallocenes  and.  in 
particular,  ferrocene.14  In  this  molecule,  the  organic  ligands  face 
each  other  with  iron  between  them  to  form  a  sandwich  compound. 
Although  ample  evidence3-9101417  indicates  that  the  initial  products 
of  photodissociation  in  the  gas  phase  are  iron  atom  and  cyclo- 
pentadienyl  radicals,  the  photodissociation  of  ferrocene  is  not 
understood  mechanistically.  Ferrocene  has  no  observable 
fluorescence,18  and  electronic  excitation  might  quickly  internally 
convert  to  a  hot  ground  state.  The  hot  ground  state  might  then 
pyrolyze,  following  the  unimolecular  decomposition  kinetics. 
Another  possibility  is  that  ferrocene  would  lose  two  cyclo- 
pentadienyl  ligands  in  a  concerted  fashion,  as  in  a  repulsive 
electronic  state.  Intermediate  to  these  two  scenarios  is  one  of 
sequential  loss  of  ligands  through  a  nonconcerted  electronic 
mechanism,  such  as  established’  for  Cd(CH3)2. 

Each  of  these  choices  implies  a  different  kinetic  energy  dis¬ 
tribution  for  the  resulting  iron  atom.  Since  the  ferrocene  molecule 
has  about  25  low-frequency  vibrational  modes,  unimolecular 
decomposition  would  result  in  significant  partitioning  of  the  excess 
energy  into  vibrations,  and  only  a  small  amount  of  translational 
energy,  perhaps  only  1  /25th  of  the  total  available  energy,  would 
be  expected  to  appear  in  iron  atom  recoil.  In  this  manner,  uni¬ 
molecular  decay  would  produce  only  a  moderately  warm  distri¬ 
bution  of  iron  atom  velocities.  In  contrast,  if  the  dissociation 
mechanism  were  totally  concerted,  so  that  a  center  of  symmetry 
would  be  retained,  the  iron  atom  would  be  at  rest  in  the  center- 
of-mass  system,  and  would  have  the  velocity  of  the  original  fer¬ 
rocene  molecule.  Thus,  a  highly  concerted  dissociation  mechanism 
would  produce  cold,  possibly  even  refrigerated,  iron  atoms.  In 
striking  contrast  to  either  of  the  above  mechanisms,  if  the  ferrocene 
dissociates  in  a  nonconcerted  manner  via  electronically  repulsive 
states,  most  of  the  available  energy  could  end  up  in  translational 
recoil.  Since  a  nonconcerted  mechanism  no  longer  requires  re¬ 
tention  of  a  center  of  symmetry,  the  iron  could,  possibly,  receive 
a  large  fraction  of  the  available  energy. 

The  remarkable  cleanness  of  the  photodissociation  of  ferrocene 
into  iron  and  cyclopentadienyl  radicals,  as  observed  in  mass 
spectrometry  and  electronic  spectroscopy,  already  hints  that  the 
dissociation  is  direct;  at  least,  the  dissociation  does  not  occur  by 
pyrolysis  from  a  tightly  bound  complex.  If  this  latter  were  the 
case,  one  might  expect  to  find  significant  ring  fragmentation  of 
the  cyclopentadienyl  rings  to  one,  two,  and  three  carbon  fragments, 
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or  polymerization  into  ten  carbon  dimers  of  the  two  rings.  The 
lack  of  either  few  carbon  or  ten  carbon  fragments  in  either  the 
positive  or  negative  ion  mass  spectra  in  the  presence  of  an 
abundance  of  cyclopentadienyl  radical  ions  indicates  a  dissociative 
mechanism  that  preserves  the  ring  integrity.  This  is  not  always 
the  case  for  multiphoton  dissociation  of  either  organic  or  or- 
ganometailic  compounds.  For  example,  benzenes  and  amines  are 
known  to  extensively  fragment  under  MP1  conditions,19  and  this 
has  been  interpreted  as  a  highly  statistical  process  involving  one 
or  more  “hot"  intermediates.  Likewise,  benzene-chromium 
compounds  have  been  shown  to  involve  benzene  ring  fragmentation 
upon  MPD.1112  From  this  chemical  information,  we  have  already 
an  indication  that  the  dissociation  of  ferrocene  does  not  involve 
a  pyrolysis  of  two  tightly  bound  cyclopentadienyl  ligands. 

This  chemical  evidence  does  not  rule  out  a  more  gentle  uni¬ 
molecular  decomposition,  one  that  preserves  the  ring  integrity, 
but  still  precedes  through  a  hot  ground  state.  Ferrocene  pyrolyz.es 
primarily  by  whole  ring  elimination,20  and  a  relative,  nickelocene, 
has  been  found  to  be  the  reagent  of  choice  for  producing  cyclo¬ 
pentadienyl  radicals  cleanly  under  flash  vacuum  pyrolysis  con¬ 
ditions.21  Thus,  chemically,  it  is  not  possible  to  rule  out  a  hot 
unimolecular  decomposition  as  the  mechanism  of  ferrocene 
photolysis.  We  need  another  way  to  decide  between  the  three 
alternatives  presented  above. 

In  the  experiments  which  follow,  the  total  available  energy  will 
be  about  2  eV,  and  the  iron  is  observed  to  acquire  an  energy  that 
is  a  significant  part  of  this.  The  velocity  distribution  is  charac¬ 
teristic  of  a  temperature  more  than  an  order  of  magnitude  above 
that  of  room  temperature.  Thus,  measurement  of  the  iron  recoil 
velocity  allows  us  to  choose  between  various  dissociation  mech¬ 
anisms,  and  to  decide  that  the  dissociation  is  nonconcerted,  via 
an  electronically  excited  state. 

We  have  investigated  the  iron  atom  recoil  in  the  MPD  of 
ferrocene  by  monitoring  the  Doppler  line  widths  of  the  atomic 
iron,  multiphoton  ionization  resonances.  Although  we  do  not  know 
of  previous  studies  using  multiphoton  ionization  to  probe  the 
resonance  Doppler  profile  of  a  species  to  obtain  translational 
velocity  information,  the  use  of  Doppler  profiles  of  laser-induced 
fluorescence  is  now  well-known.21"24 

Some  caution  must  be  exercised  in  using  resonant  MPI  to 
determine  Doppler  velocities.  It  must  be  ensured  that  the  tran¬ 
sitions  are  not  broadened  by  other,  electrodynamic  effects,  such 
as  lifetime  broadening  or  dynamic  Stark  shifts.  Some  of  the  causes 
for  broadening  have  been  pointed  out  or  cai  efully  studied:  lifetime 
shortening,25  reversals,26  ac  Stark  shifts,27  and  recoil.28  This  work 
gives  enough  guidance  to  make  a  proper  choice  of  transition  for 
the  investigation  of  the  Doppler  profile. 

If  a  one-photon  resonance  is  followed  by  a  two-photon  ioni¬ 
zation,  the  weakness  of  the  latter,  nonresonant,  multiphoton  process 
requires  such  high  fields  that  the  one-photon  resonance  is  strongly 
overdriven  and  dynamically  broadened,  preventing  its  use  for 
investigation  of  the  Doppler  velocity  profile.  We  have  chosen 
instead  a  two-photon  resonance  followed  by  a  one-photon  ioni¬ 
zation.  In  this  case,  the  danger  is  that  the  upper  two-photon 
resonant  state  will  be  lifetime  broadened  by  the  rapid  ionization 
by  the  subsequent  one-photon  absorption.  Thus,  it  will  be  nec¬ 
essary  to  investigate  the  laser  power  dependence  of  the  observed 
line  profiles.  Nevertheless,  this  2  +  1  scheme  offers  the  best 
possibility  of  applying  MPI  to  Doppler  profile  measurements  and 


(19)  Benutein,  R.  B.  J.  Phys.  Chem  19*2,  86.  1178 

(20)  Hedaya,  E.  -4cc.  Chem.  Res  1969,  2,  367. 

(2 1 )  Welge,  K.  H.;  Schmiedl,  R.  In  Laser  Induced  Processes  In  Molecules, 
Kompa,  K.  L  ,  Smith,  S.  D.,  Eds.;  Springer:  Berlin,  1979;  p  186. 

(22)  Jbon,  M.  S.;  Dabler,  J.  S.  J.  Chem.  Phys.  1978,  69,  819. 

(23)  McDonald.  J.  R.;  Miller,  R.  G„  Baronavtki,  A.  P.  Chem.  Phys.  Lett. 
1977,  31,  SI. 

(24)  Drozdoald,  W.  S.;  Baronavtki,  A.  P.;  McDonald,  J.  R.  Chem.  Phys. 
Lett.  1979,  64,  421. 

(23)  Johnson.  P.  M.  Acc.  Chem.  Res.  1989,  31,  20. 

(26)  Rothberg,  L.  J.,  Gerrity,  D.  P.;  Vaida,  V.  J.  Chem.  Phys.  1981,  73, 
4403. 

(27)  Li,  L.;  Yang,  B.-X.;  Johnson,  P.  M.  J.  Opt.  Soc.  Am.  B 1985, 2, 748. 

(28)  Shirley,  J.  H.  J.  Phys.  B  1988,  13,  1537. 


2894  The  Journal  of  Physical  Chemistry.  Vol.  90.  No.  13,  1986 

avoiding  the  myriad  of  other  well-known  effects  that  cause  line 
broadening  of  MPI  resonances.  In  fact,  this  2  +  1  scheme  is  the 
very  basis  for  a  proposed  secondary  wavelength  standard  at  the 
1-MHz  level  of  precision.29'30 

All  line  widths  and  frequencies  will  be  reported  at  fundamental, 
one-photon  wavelengths.  The  linear  scaling  of  the  Doppler  shift 
with  frequency  allows  us  to  analyze  the  velocity  shift  at  the 
fundamental  laser  frequency,  while  the  actual  two-photon  reso¬ 
nance  has  the  Doppler  shift  of  twice  this  magnitude  at  the  energy 
of  twice  the  laser  frequency.  To  avoid  any  confusion,  all  line 
widths  and  shifts  will  be  reported  as  observed,  at  the  fundamental 
laser  frequency. 

This  fact,  that  the  resonance  is  at  twice  the  laser  frequency  and 
occurs  as  a  two-photon  process,  is  possibly  to  our  advantage  in 
relaxing  the  constraints  placed  upon  the  line  width  of  the  laser 
used  to  probe  the  iron  atom  Doppler  profile.  Ideally,  if  one 
assumes  that  the  fluctuations  at  one  frequency  are  uncorrelated 
to  fluctuations  at  another,  the  laser  profile  at  the  fundamental 
frequency  should  be  convolved  with  itself  to  give  the  effective 
two-photon  profile  at  twice  the  laser  frequency.  If  a  Gaussian 
profile  is  assumed,  the  effective  width  is  (2)1/:  times  broader  than 
the  original  Gaussians.  Projecting  this  back  to  the  fundamental 
frequency  of  the  laser,  one  finds  that  this  appears  as  a  width  of 
(2)_l/2,  about  30%  narrower  than  the  original  laser  line  profile. 

It  is  not  wise  to  depend  upon  this  narrowing.  Elliot  et  al. 31-32 
have  carefully  investigated  experimentally  the  two-photon  ab¬ 
sorption  widths  for  various  types  of  laser  fields.  They  show  that 
if  the  laser  fluctuations  are  temporally  correlated  across  the  laser 
frequency  profile,  the  two-photon  absorption  width  can  be  sig¬ 
nificantly  broader  than  that  given  by  convolution,  which  assumes 
an  uncorrelated  laser  spectrum.  This  is  in  accord  with  the  models 
of  Mollow,33  Agerwal,34  Alber  and  Zoller,35  Zoller  and  Lam- 
bropolous,36  and  Yeh  and  Eberly,37  who  find  that  generally,  for 
an  n-photon  absorption  by  a  “chaotically"  amplitude  modulated 
single  frequency  mode,  the  width  is  n  times  that  of  the  laser.  At 
the  frequency  of  the  laser,  it  appears  to  have  the  width  of  the  laser 
itself. 

We  have  observed  two-photon  resonances  in  other  systems,  such 
as  NO,38  that  are  significantly  narrower  than  reported  here,  and 
confirm  that  the  laser-limited  two-photon  line  widths  are  narrower 
than  we  require,  and  that  these  rather  special  temporal  correlations 
do  not  give  anomalously  wide  two-photon  absorption  profiles  here. 

To  be  conservative,  we  will  assume  that  the  limiting  two-photon 
absorption  is  twice  the  fundamental  line  width,  appearing  as  the 
laser  width  itself  at  the  laser  fundamental,  and  we  will  not  rely 
upon  the  thirty  percent  narrowing  expected  for  a  totally  un- 
corrrelated  Gaussian  frequency  spectrum. 

Experimental  Section 

The  iron  atom  recoil  is  monitored  by  measurement  of  the 
Doppler  line  profile  of  a  two-photon  resonance,  a!D4-e!D4,  fol¬ 
lowed  by  a  nonresonant  single-photon  ionization  of  the  e5D4  state. 

The  iron  atoms  are  generated  in  the  multiphoton  dissociation  of 
ferrocene  in  a  three-photon  dissociation,  using  the  same  447.65-nm 
radiation  that  probes  the  iron  atoms. 

The  experimental  setup  has  been  described  in  ref  38.  Briefly, 
two  parallel  stainless-steel  plates,  supplied  with  a  difference  in 
potential  of  200  V,  collect  the  total  ions  in  a  static  cell  at  100-mtorr 
pressure.  Slow  pumping  removes  reaction  products. 
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Figure  2.  A  line  profile  of  the  Fe  a5D4-e!D4  resonantly  enhanced  MPI 
signal  at  a  moderate  power  level.  A  6.67-GHz  free  spectral  range  etalon 
calibrates  the  laser  frequency.  The  laser  line  width  is  about  3  GHz.  The 
10-GHz  broadening  results  from  both  a  Doppler  component,  observable 
at  low  powers  and  a  Lorentzian,  power-dependent  component.  At  this 
power,  the  Lorentzian  dominates.  The  asymmetry  is  ascribed  to  a 
weaker,  nearby  transition,  at  about  26  GHz  on  this  scale. 
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Figure  3.  A  plot  of  observed  line  width  vs.  laser  intensity.  The  laser 
energy  varies  between  0  and  8  mJ  per  pulse,  weakly  focused  with  a  long 
focal  length  lens.  Two  components  contribute  to  the  line  width:  a  low 
power  residual  width  from  the  convolution  of  the  laser  line  with  the 
Doppler  line  shape,  and  a  power  broadening  component.  The  combined 
effect  gives  an  almost  linear  power  dependence. 

A  laboratory  computer  accumulates  data  (ionization  current 
vs.  wavelength),  monitors  the  laser  intensity,  and  records  the 
intensity  pattern  of  a  transmission  etalon.  The  6.67-GHz  free 
spectral  range  of  the  etalon  transmission  calibrates  the  wavelength 
scan  of  the  laser. 

The  laser  oscillator’s  configuration  is  similar  to  that  of  Chang 
and  Li.39  We  maintain  stable  operation  and  easy  alignment  by 
replacing  the  total  reflector  end  mirror  with  a  wedge  output 
coupler40  rather  than  using  the  grating  for  output.  Maximum 
energy  of  the  laser  after  one  stage  of  amplification  is  8  mJ  per 
pulse,  with  a  stable,  power-independent  line  width  of  2.93  GHz. 

At  resonance,  the  MPI  signal  shows  a  roughly  fourth-order 
power  dependence,  which  becomes  roughly  second  order  at  high 
powers.  This  is  consistent  with  our  previous  work  in  ferrocene. 17 
At  low  powers,  the  fourth-order  dependence  corresponds  to  sec¬ 
ond-order  dissociation  and  second-order  MPI;  the  ionization  of 
the  excited  iron  atom  is  saturated.  At  high  powers,  the  dissociation 
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Figure  4.  Theoretical  model  of  the  line  shape  assuming  equipartition  of 
2.1  e\  into  recoil  of  three  fragments  Fe  +  2t'p  Compared  is  the  line 
profile  of  a  Gaussian  distribution  of  the  same  width  The  three-bodv 
equipartition  line  shape  lacks  the  wings  exhibited  by  the  Gaussian 

is  saturated.  At  any  given  power  level,  the  signal  is  proportional 
to  the  amount  of  iron  produced  in  the  a'D4  state  by  dissociation. 

To  obtain  the  VIPI  line  shape,  the  laser  wavelength  is  scanned 
over  the  entire  resonant  transition  by  tuning  the  grating  This 
is  repeated  at  various  laser  powers.  The  results  of  one  run  at  one 
laser  intensity  are  shown  in  Figure  2. 

Results 

Figure  3  shows  a  plot  of  multiphoton  ionization  line  width  vs. 
laser  intensity.  Two  effects  are  observable.  First,  the  intercept 
at  zero  laser  power  is  significantly  wider  than  the  line  width  of 
the  probe  laser,  which  was  2.93  GHz.  Second,  although  the  laser 
line  width  does  not  vary  with  the  laser  power  (as  confirmed  by 
measurement  using  an  etalon).  the  multiphoton  ionization  line 
width  does  vary  with  power. 

The  broadening  of  the  multiphoton  ionization  resonance  at  low 
laser  intensities  is  attributed  to  the  Doppler  effect  of  the  iron  recoil. 
The  laser  line  width  was  measured  to  be  2.93  GHz.  When  this 
is  deconvoluted  from  the  observed  intercept  width  of  6.0  ±  0.8 
GHz,  a  resulting  width  of  5.2  ±  0.8  GHz  remains.  The  half-width 
corresponds  to  a  velocity  representing  0.4  ±0.1  eV  of  energy  in 
the  iron  atom  motion.  The  average  energy  of  the  iron  atoms, 
assuming  an  isotropic  velocity  distribution,  is  0.7  ±  0.2  eV.  Thus, 
it  is  immediately  evident  that  the  iron  atoms  have  a  significant 
amount  of  translational  energy  imparted  to  them  by  the  disso¬ 
ciation  event. 

The  increase  in  line  width  with  laser  power  reflects  the  expected 
power  broadening  of  thr  nultiphoton  event.  The  two-photon 
resonance  a5D4-e5D,  is  followed  by  very  rapid  one-photon  ioni¬ 
zation.  This  rapid  ionization  of  the  e5D4  state  causes  lifetime 
broadening.  (The  power  dependence  of  this  process  is  second-order 
overall,  explained  by  a  rate-limiting  two-photon  resonance  followed 
by  a  rapid,  one-photon  ionization.)  A  moderate  ionization  cross 
section  of  10  20  cm"2  for  the  e5D4  state  is  consistent  with  this 
magnitude  of  lifetime  broadening  of  the  e5D4  state. 

Another  piece  of  evidence  points  to  lifetime  broadening  as  the 
cause  of  the  power  dependence  of  the  line  width.  Lifetime 
broadening  would  appear  as  a  Lorentzian  component  to  the  line 
shape.  A  rough  deconvolution  of  the  line  shape  into  a  Gaussian 
and  a  Lorentzian  (based  on  the  Voigt  profiles  given  by  Davies 
and  Vaughn41)  shows  a  broadening  of  the  Lorentzian  component 
with  laser  power,  while  the  Gaussian  component  remains  constant. 

This  analysis  also  shows  that  the  intercept  of  the  Lorentzian 
component  at  low  powers  is  negative,  while  the  constant  Gaussian 
Doppler  width  is  too  large.  These  spurious  effects,  produced  by 
forcing  the  line  shape  to  a  Voigt  profile,  can  be  accounted  for  by 
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.in  iron  velocity  profile  that  has  less  intensity  in  its  wings  than 
a  Gaussian  would  hate 

Discussion 

The  dissociation  threshold  of  ferrocene  into  two  radicals  and 
atomic  iron  occurs  at  about  f>  2  eV,42  Thus,  with  three  photons 
of  447  5  nm  ili.31  eV).  2  I  eV  is  available  lor  dissociation  If  all 
of  this  energy  appeared  in  translation,  the  maximum  energy 
available  to  the  iron,  based  m  energy  and  momentum  consider¬ 
ations,  would  be  1  48  eV 

If  the  energy  available  lor  dissociation  is  equiparlitioned  into 
isotropic  recoil  of  Fe  and  cyclopentadienyl  fragments,  the  line- 
shape  should  have  the  form  (  v2  -  where  x  =  frequency 

shift,  and  xma)  =  5.1  GHZ.  The  fwhm  for  a  l-ne  of  this  shape 
is  1.08  xmj,  or.  in  this  case.  5.5  GHz.  This  should  be  compared 
to  the  Doppler  line  width  observed  here  5  2  ±  0  8  GHz.  Thus, 
the  line  widths  observed  here  are  consistent  with  most  of  the  excess 
energy  appearing  in  recoil  of  the  fragments  and  with  very  little 
correlation  of  the  direction  of  recoil  of  the  two  ligands. 

Another  way  of  looking  ai  this  energy  partitioning  is  to  rec¬ 
ognize  that  if  the  2  I  eV  is  divided  up  among  the  three  almost 
equal  mass  fragments.  Fe  +  2Cp,  one  third,  or  0  1  eV.  should  be 
allotted  each  fragment  on  the  average.  This  agrees  with  the 
average  energy  of  0.7  ±  0.2  e V  we  obtain  assuming  an  isotropic 
Fe  recoil. 

The  maximum  energy  restriction  leads  to  the  observed  line 
shapes.  Comparison  of  an  equipartition  line  shape  to  that  of  a 
Gaussian  of  the  same  width  reveals  that  the  Gaussian  would  have 
an  intensity  of  0.1  at  vma,.  Thus,  energy  and  momentum  re¬ 
strictions  cut  off  the  wings  of  an  otherw  ise  Gaussian  distribution 
and  appear  to  square  up  the  line  profile  This  corresponds  ap¬ 
proximately  to  what  is  observed 

The  actual  magnitude  of  the  line  width  must  not  be  over  in¬ 
terpreted.  We  have  assumed  ejection  of  iron  nonprcferentially 
with  respect  to  the  direction  of  light  propagation  but  have  not 
demonstrated  this  This  unknown  angular  dependence  has  pre¬ 
vented  us  from  carefully  analyzing  the  line  shapes  to  extract  the 
details  of  the  iron  atom  energy  distribution.  We  can,  however, 
remark  on  the  overall  nature  of  the  angular  distribution,  and  put 
some  bounds  on  its  asymmetry.  If  the  iron  were  preferentially 
ejected  along  the  polarization  axis,  perpendicular  to  the  light 
propagation  direction,  we  would  severely  undercount  the  fast  iron 
atoms.  Since  we  actually  observe  close  to  the  maximum  available 
energy  for  translation,  this  cannot  be  the  case.  Instead,  it  is 
possible  that  iron  is  ejected  preferentially  perpendicular  to  the 
polarization  axis.  In  this  case,  we  would  have  overestimated  the 
population  of  fast  iron;  in  the  extreme,  we  would  have  overesti¬ 
mated  the  energy  width  by  a  factor  of  about  two. 

The  large  amount  of  kinetic  energy  observed  in  this  experiment 
correlates  well  with  the  total  amount  of  excess  energy  available 
in  a  three-photon  (two  +  one)  absorption,  as  calculated  from  the 
dissociation  energy  of  ferrocene  of  6.2  eV.42  This  number  has 
recently  been  questioned,  as  discussed  by  Bar  et  al.43  They 
rationalize  that  the  dissociation  energy  could  be  as  high  as  7.8 
eV.  Yet,  this  would  be  inconsistent  with  the  amount  of  kinetic 
energy  release  we  observe,  and  we  view  this  unlikely.  Thus,  this 
work  is  consistent  with  a  ferrocene  dissociation  energy  of  about 
that  others  report:  6.2  eV. 

We  should  also  point  out  what  this  experiment  does  not  prove. 
It  is  not  yet  established  whether  the  third  photon  is  absorbed  before 
or  after  second  ligand  departs.  On  the  face  of  it,  our  evidence 
for  a  nonconcerted  mechanism  might  be  taken  to  indicate  that, 
after  the  first  two  photons  are  absorbed,  partial  dissociation  occurs, 
in  which  one  ligand  departs.  Based  upon  a  simple,  additive  model 
of  bonding,  we  might  imagine  that  each  ligand  has  6.2/2  *  3.1 
eV  bond  energy,  and  two  photons  might  strip  off  one  tigand.  There 
is  yet  little  evidence  to  support  this. 


(42)  Muller,  J.;  D’Or,  L.  J.  Organomrtai  Chtm.  IM7.  10,  313.  Wilkin¬ 
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Bonding  in  organometallic  compounds  i >  not  additive  the 
removal  of  the  first  ligand  requires  much  more  energy  than  the 
removal  ot  subsequent  ligands  This  is  seen  in  the  relative  bond 
strength  in  carbons Is.44  and  in  the  relative  bond  strengths  of 
metallocene  cations  4'  In  the  ferrocene  cation,  appearance  po¬ 
tentials4’  ir~  indicate  it  lakes  five  to  fifteen  times  as  much  energv 
to  remove  the  first  ligand  as  it  d.ies  to  remove  the  second  ligand, 
which  nuv  have  a  bond  strength  as  low  as  a  third  of  an  eiec- 
tronvolt’  In  ferrocene  itself,  this  disparitv  of  bond  strengths  is 
also  ev  pec  led.  since  the  neutral  iron  with  two  ligands  has  a 
t e •  1 4 1 -i  )  d  electron  configuration,  while  the  metal  with  onlv  one 
ligand  has  a  i e -  (4(  a  >  te  )  d-elevtron  configuration  Removal 
of  one  ligand  requires  the  promotion  of  an  electron  This  is  the 
reason  that  the  isoelectronic  voballocene  cation,  with  the  same 
electronic  configuration,  has  the  highest  first  ligand  dissociation 
energv  of  all  the  first  transiuon-melal-row  metallocene  cations: 

8  eV  4'  1  errocene  pvrolvsis  kinetics'1'  suggests  an  energv  for 
1'tss  of  a  single  ligand  by  ground-state  ferrocene  of  4.0  eV.  implying 
a  second  ligand  dissociation  energv  of  2.1  eV  Thus,  for  the 
ferrocene  ground  state,  the  first  dissociation  requires  almost  twice 
as  much  energv  as  the  second  While  numerically  this  implies 
that  there  is  thermochemicallv  enough  energv  in  two  photons  to 
remove  one  ligand  from  ground-state  ferrocene,  it  is  not  yet 
demonstrated  that  this  dissociation  of  photoexcited  ferrocene  will, 
in  fact,  occur  before  absorption  of  an  additional  photon.  Thus, 
it  is  quite  possible  that  the  kinetics  require  absorption  of  all  three 
photons  before  any  dissociation  actually  occurs 

f  inally,  this  work  should  be  placed  in  the  context  of  what  is 
already  known  about  photodissociation  \s  in  a  direct  photo- 
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dissociation  such  as  illustrated  bv  CH  ,1  into  Off  I  studied  bv 
Riley  and  W  ilson.4  most  of  the  energy  partitioning  is  into 
translation,  rather  than  into  vibrations  This  is  taken  as  evidence 
that  the  dissociation  occurs  by  excitation  to  a  steep,  dissociating 
electronic  surface,  on  which  dissociation  takes  place  without 
significant  time  for  equipartitioning  the  energy  into  various  internal 
modes  of  the  fragments  Rapid  photodissociation  of  metal  alkyls 
ha.  also  been  observed:  Jonah  et  a!  '  and  Taitnr  et  al  4'  have 
investigated  the  angular  distributions  of  the  three  fragments  ot 
C  d(CH,):.  Significant  anisotropies  of  all  fragments  are  observed 
This  would  be  inconsistent  with  a  simple  unimolecular  decav 
model,  and  these  authors  find  their  results  consistent  with  a  model 
that  rapidly  ejects  the  two  ligands,  not  together,  but  in  rapid 
succession  It  is  this  type  of  model  that  we  also  favor  tor  the 
dissociation  of  ferrocene 

Conclusion 

Ferrocene  undergoes  multiphoton  dissociation  in  a  nonconcerted 
manner  that  efficiently  delivers  recoil  energy  and  momentum  to 
the  central  iron  atom  The  Doppler  width  of  the  atomic  ab¬ 
sorptions  is  predicted  by  a  simple  model  assuming  equipartition 
of  the  excess  energy  among  the  translational  degrees  ol  freedom 
These  resuits  point  to  a  dissociative  mechanism  v  ia  repulsive 
electronic  states. 
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